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Abstract 
Abstract 
The development of Fusion Protein Technology during the search for new 
environmentally benign pesticides has prompted fUJther investigation into novel 
insecticidal proteins from predatory and parasitic insects. 
Eulophus pennicornis is a parasitoid wasp used m biological pest control 
which causes developmental an-est in its host. E. pennicornis venom gland cDNAs 
were isolated and sequenced. Searches for sequence similarity in the global databases 
revealed a splicing factor, setine protease and a neprilysin-like protein as key 
components besides an already isolated reprolysin-like metalloprotease and juvenile 
hormone-inducible protein. Attempts were made to express the reprolysin-like 
metalloprotease in Pichia pastoris as a fusion protein with GNA and with structural 
truncations. Constructs for the fusion and truncations were produced using 
recombinant DNA techniques but unfortunately, little success was achieved with the 
expression. The results presented point towards reprolysin-like metalloprotease 
perhaps being toxic to the P. pastoris yeast cells. 
Avidin, another protein with the potential for exploitation in Fusion Protein 
Technology, was also expressed as a recombinant protein in P. pastoris and 
successfully purified to almost 100% homogeneity. In this study, bioassays with 
Mamestra brassicae (cabbage moth) larvae confirmed its transport to the 
haemolymph and insecticidal activity when delivered orally above a threshold 
concentration via artificial diet. Fluorescent labelling of recombinant avidin also 
highlighted the mechanics involved in its transpmt within M. brassicae larvae and 
confirmed its suitability for use in Fusion Protein Technology. Avidin-antibody 
coupling experiments gave inconclusive results for transpmt to the haemolymph of 
Sitobion ave1we (cereal aphid), but revealed a more permeable gut structure in M. 
brassicae larvae, potentially opening up new avenues for the control of the larvae of 
pest lepidopterans using lethal antibodies. 
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1.0. Introduction 
Despite advances in insect control technologies, at the start of the 2C1 century 
the Global Crop Diversity Trust has estimated that as much as 30-40% of the world's 
crop produce is destroyed by agricultural pests. In the UK alone, more than 500 
tonnes of insecticides are applied annually with a cost now exceeding £25 million 
(Gmthwaite et al., 2004). Currently used insecticides include carbamates, 
neonicotinoids, organophosphates, synthetic pyrethroids, insect growth regulators 
and metabolic disruptors. However, significant problems are associated with the 
widespread use of these conventional insecticides. The most important of these 
problems, causing much public concern, are their poor specificity to pest insect 
species and their toxicity to vertebrates. Many beneficial insects have been harmed 
and ecosystems disrupted over time (Weisser and Siemann, 2004). The development 
of insect resistance to those insecticides currently used and the prospect of additional 
insect pests spreading into the UK as a result of climate change, are two further 
reasons why the UK government has recently issued objectives (Pesticides and the 
Environment, March 2006) seeking initiatives to encourage a more sustainable and 
environmentally sensitive approach to insect pest management. Changes in European 
legislation have led to the withdrawal of many chemical pesticides from the market, 
meaning arable farmers have a reduced number of plant protection products 
accessible. Extensive use of the fewer insecticides available, also rapidly increases 
the rate at which insect resistance can occur. This is a critical problem with similar 
chemical compounds such as pyrethroids for example, where resistance to one 
member of the pyrethroid family can mean a degree of resistance to others in that 
class (cross resistance) (Beugnet and Chardonnet, 1995). Thus, there is increased 
requirement for new, environmentally friendly insecticides with reduced effects on 
non-target species when compared to the currently available ones with broad 
spectrum chemistries. For this reason, attention is being turned to insects that 
naturally produce insecticidal proteins fundamental to their predatory I parasitic 
relationship with other insects, such as parasitic wasps. Parasitic wasps produce 
venom which is a complex mixture of proteins, many having negative effects on their 
hosts. The venom is therefore important in the search for new insecticidal proteins 
(Section 1.1 ). As Whetstone and Hammock (2007) state, the great number of species 
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of fauna and flora worldwide that produce insecticidal proteins gives almost limitless 
possibilities for pesticides but only if suitable delivery systems are available. 
Recently, a novel method of delivering insect-specific, biologically active 
peptides to the haemolymph of pest insects following oral ingestion has been 
discovered. Fusion Protein Technology relies on the use of Snowdrop lectin (GNA; 
Galanthus nivalis Agglutinin) (Section 1.2) as a CatTier protein to transpott insect-
derived toxic peptides across the insect gut and into the haemolymph (Section 1.3). 
Fusion Protein Technology is possible due to the development of Piclzia pastoris 
yeast as a recombinant protein expression host (Section 1.4). Initial use of the 
technology has proven successful and the production of further novel fusions has 
highlighted a potential area for improvement (Section 1.5). With continued scientific 
and industrial research, Fusion Protein Technology may provide, in part, an answer 
to the dilemma associated with the cwTent insecticides and the insect pest problems 
arising as a result of global climate change. 
1.1. Parasitic Wasp Venom 
A number of organisms in nature are capable of producing venom for use in 
either defence or hunting. The venom of parasitic wasps is receiving increased 
interest by scientists as it is a complex mixture of proteins which are known to be 
involved in host regulation through inducing paralysis, disrupting the development of 
the host, altering its metabolic regulation or interfering with its immune response and 
reproductive system (Vinson and lwantsch, 1980; Moreau and Guillot, 2005). It may 
therefore be a source of new molecules with potential for use in insect pest control. 
l.1A. Eulophus pennicornis 
Euloplws pennicomis (Nees) (Hymenoptera: Eulophidae) is a greganous 
ectoparasitoid of late stage larvae of noctuid moth species, found commonly 
throughout northern Europe. It injects venom into the host larva prior to oviposition 
onto their surface. The venom contains various components which are used to 
regulate the host and benefit the offspring. Digestive proteases, proteins causing 
effects on haemocytes and factors that disrupt ecdysteroid and juvenile hormone 
titres have been discovered present in the venom (Richards and Edwards, 1999: 
- 2 -
Introduction 
Richards and Edwards, 2000; Richards and Edwards, 2002; Edwards et al., 2006). It 
is likely that there are still many more proteins to be documented. 
Previously, to identify new insecticidal proteins and give insight into E. 
pennicornis venom composition, clones from a venom gland eDNA library were 
randomly sequenced and NCBI-BLAST similarity searches performed. The most 
abundant clones encoded metalloproteases similar to reprolysins (Section 3.1). 
Reprolysin-like Metalloprotease 
The ammo acid sequence of the original isolated reprolysin-like 
metalloprotease can be seen in figure 1. The metalloprotease acquires the name 
'reprolysin-like' due to its sequence similarities with the reprolysins. Reprolysins are 
a subfamily of the M12 peptidases, a group containing all metallopeptidases. Most 
commonly found in snake venoms they are easily characterised as they contain a C-
terminal extension consisting of one or more non-peptidase domains (Barrett et al., 
1998). The complete open reading frame of the protein encodes 430 amino acids 
(Figure 1 ), the first 22 of these being a signal peptide, which upon cleavage results in 
a 408 amino acid mature protein with an Mr of 46kDa. The protein has an isoelectric 
point of 6.0 and five potential N-glycosylation sites (N64, N113, N148, N188 and 
N413). It contains a pro-domain (amino acids 1-212) and a catalytic metalloprotease 
domain (amino acids 213-430). In contrast to many other reprolysins, there is no C-
terminal disintegrin domain. The catalytic metalloprotease domain contains 
numerous cysteine residues and an active site zinc binding motif HExxHxxxGxHD 
(amino acids 362-372, where x implies any amino acid) (Figure 1) consistent with 
other members of the MB metalloprotease family (with an extra amino acid) (Bc:IITett 
et al., 1998). The three histidine (H) residues within this motif ligand to the zinc ion, 
the glutamic acid (E) residue is the catalytic amino acid and the glycine (G) residue 
characterizes an important structural turn (StOcker et al., 1995). However, the 
reprolysin-like metalloprotease also contains a methionine (M) residue twenty eight 
amino acids distal to the first histidine of the active site zinc binding motif which 
more accurately defines this metalloprotease as a metzincin (Bode et al., 1993: 
Hooper, 1994). 
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CGGCCGGGGATTGTTCTTGATATTGTCTACCTGTATTATTGTTT - 119 
TACGATTCTTTTAAAAGACGGAGACCGAAAAGAAATACAGTTCAAAGTTACTCAGACAGAGCGTTGCAAAGGAAG - 75 
ATGGATTTGTTCATTTTAACTCGTTTCATTTTGTTCCTATCTTTCTTTATGAAA +75 
M D L F I R F I L S 25 
TTCAAGATCTTTAATGAAAACTTCGAGGAGACTGTCAAGTATCTCACAATATTTTGGAATGCTGTAAACTTAAGG 
F K I F N E N F E E T V K Y L T I F W N A V N L R 
TTCAGACCGGTCCAGCATCCGAAAGTAAATATCATAATCACTGGGATCGTCATTGCTAAGAACGAAGCCGCATTT 
F R P V Q H P K V N I I I T G I V I A K N E A A F 
CAGCACGTTTATAGAGCTAGGTATAGCAAAAATTCGAAACTAGTGCATACCGGAAGAGTTATAGATAATGGTCGA 
Q H V Y R A R Y S K N S K L V H T G R V I D N G R 
TATTTCTTTGGGACTAATTTTGACCCTTATTACGACAATTATGATGCCAGTTTTACAATGGCAAGTATGGATGAT 
Y F F G T N F D P Y Y D N Y D A S F T M A S M D D 
CCAACTGGAAAAGGAGGTGCAACTGTCATTGGCGGGATTTGCTCCTCATCTAACAATATCGCTTATATCAGAGAC 
P T G K G G A T V I G G I C S S S N N I A Y I R D 
GTTGGAAGTTATTCGGGAGTAAAGGTTGCT 
V G S Y S G V K V A 
ACCACTTGTAGCGAAAAGATAAATGATAATATCTATACAATCATGGCTAAGCAAGGATCAACAAAAGCAAGCAAA 
T T C S E K I N D N I Y T I M A K Q G S T K A S K 
TTCGTTTGGTCATCATGCACTCTGACCGCATTTGCAAACTTTTCCAAAACAACAAGTGCAGCGTGCCTAAAAGAT 
F V W S S C T L T A F A N F S K T T S A A C L K D 
ACCTATCGAAAGCATTAG 
T Y R K H 
GATTGAAGATCTTCAAAAGAAATGCATAAATTATATAATCACTTGGATGCAGAGAGAGAGAGAGAGAGTAGGAGT 
GAGAGAGAGAGTAGGAGTC~~~vvvv~~AR~~~~ 
Figure 1. 
Nucleotide and amino acid sequence of£. pennicornis reprolysin-like metalloprotease. 
The predicted N-terminal signal peptide (amino acids 1-22) is outlined with a white 
box. Highlighted in red is a putative binding domain (amino acids 23-212). The 
catalytic repro lysin metalloprotease domain is coloured in orange (amino acids 213-
430), with the active site zinc binding motif outlined in blue (amino acids 362-372) . 
Potential N-linked glycosylation sites (N64, N ll 3, N J48, N l 88 and N41 3) are marked 
with * 
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1.2. Lectins as Carriers 
One problem with developing orally active insecticides anses from the 
morphology of the insect gut and location of the insecticide target. Many insecticidal 
compounds have to be transpotted from the gut lumen across the petitrophic 
membrane and gut epithelium into the haemolymph, maintaining their activity 
without degradation (Lehane and Billingsley, 1996). 
The plant lectin (Ricin) was described by Stillmark in 1888 (Stillmark, 1888). 
At that time 'lectins' were described as haemagglutinins (Elfstrand, 1898) due to 
their ability to agglutinate cells (Pusztai, 1991). Around sixty years later, the name 
lectin was coined by Boyd and Shapleigh (1954) due to their activity against specific 
cell types mediated by carbohydrate binding (Boyd and Reguera, 1949; Liener et al., 
1986). 
Lectins are ubiquitous throughout nature, forming a large and diverse group 
of proteins. In insects, it is the carbohydrate binding specificity of a number of 
lectins which gives vast scope for their exploitation. Many gut membrane proteins 
such as brush-border enzymes, receptors and transport proteins are glycosylated, 
producing potential lectin binding sites. It is the binding at these glycosylated sites 
which is thought to be the basis of the ability of certain lectins to translocate across 
the gut epithelium into the haemolymph (Figure 2a). In pmticular, mannose-binding 
lectins have been well studied as this sugar is commonly found in the mid gut of 
insects but rarely in higher organisms. Pitches et al. (200 1) demonstrated that intact 
snowdrop lectin (GNA, Galantlws nivalis Agglutinin) and jackbean lectin (Con A, 
Canavalia ensiformis Agglutinin) could be detected in the haemolymph of 
Lacanobia o!eracea (tomato moth) larvae following oral delivery via artificial diet. 
The gut to haemolymph translocation capacity of mannose-binding lectins forms the 
basis of Fusion Protein Technology. 
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Fore gut 
Midgut 
Hind gut 
Binding to gut 
glycosylated sites 
Lectin (Carrier) 
Fore gut 
Fusion Protein 
' l oxm 
Midgut 
Binding to gut 
glycosylated sites 
(due to lectin) 
Hind gut 
Fusion Protein 
translocated into 
haemolyrnph 
Figure 2. 
Lectin translocated 
into haemolyrnph 
Cleavage of Fusion 
Protein allowing toxin to 
reach site of action 
Diagrammatic representation of a lepidopteran larva. (a) Showing a lectin entering the gut, 
binding to the glycosylated sites on the gut membrane proteins and being transported into the 
haemolymph. (b) Showing a fusion protein entering the gut, binding to the glycosylated sites on 
the gut membrane proteins via the lectin and being transported to the haemolymph where it is 
cleaved releasing the toxin to reach its site of action. 
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1.3. Fusion Protein Technology 
Fusion Protein Technology utilizes the property of lectins that allows them to 
be transported across the insect gut epithelium into the haemolymph. Using 
recombinant DNA techniques, a potentially insecticidal protein is fused to the lectin 
and expressed in P. pastoris. When fed to target insects via artificial diet, the lectin 
acts as a canier, delivering the protein to the haemolymph where it exerts a toxic 
effect (Figure 2b). Fusion Protein Technology therefore offers a novel method of 
producing orally active insecticides from proteins which are otherwise ineffective 
when administered alone due to either degradation by digestive enzymes within the 
insect gut or failure to access the haemolymph. Cunently, GNA, isolated from the 
bulbs of snowdrops is used as the carrier. It has a tetrameric structure, with each 
identical subunit being 12.5kDa in size. Galanthus nivalis agglutinin is also D-
mannose specific and each of the subunits can bind three mannose sugar residues 
(VanDamme eta!., 1998). 
Fusion Protein Technology may consequently offer an improvement to the 
cunent available insecticides. Employing a mannose-binding lectin as the canier 
ensures a fusion protein is insect specific as mannose sugars are present only within a 
large number of insect guts and are uncommon in higher animals. The use of an 
insect-specific or insect order-specific toxic protein also increases this specificity. It 
is also thought unlikely that fusion proteins would be harmful to other non-target 
organisms such as beneficial insects and mammals, as cleavage of fusion proteins 
occurs once they are transferred into the haemolymph of the target insect. The 
cleavage allows the insecticidal protein to reach its site of action, but as it is no 
longer associated with the lectin it means it cannot be canied to the haemolymph of 
any other predator should the target insect be consumed. 
To elate, C- and N-terminal fusion proteins using Manduca sexta allatostatin, 
Segestina .florentina toxin, L. oleracea chitinase and Mesobuthus ramulus toxin have 
demonstrated promising results (Pitches eta!., 2002; Pitches eta!., 2004a: Fitches et 
al., 2004b: Pham-Trung et a!., 2006) and it has therefore been recognised that this 
method offers great potential for the development of further novel, orally active, 
environmentally benign insecticides. 
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1.4. Pichia Pastoris 
The use of yeast for protein expression by scientists is now common practice. 
As well as being the first eukaryotic genome to be sequenced, Saccharomyces 
cerevisiae is the most studied yeast, a scientific model organism and was until 
recently the prefen·ed choice for recombinant protein expression (Gellissen and 
Hollenberg, 1997). It was the discovery of certain yeast species, principally Pic·hia 
pastoris, which could utilize methanol solely as a source of carbon and energy by 
Koichi Ogata (Ogata et al., 1969) that changed this view (Cereghino and Cregg, 
2000). Early attempts by Phillips Petroleum Company to develop P. pastoris as a 
protein expression system were impeded by an increase in the cost of methanol due 
to the 1970s oil crisis (Wegner, 1990). A decade later, a collaborative partnership 
was successful in establishing P. pastoris as an organism for heterologous protein 
expression. Since then, numerous vectors, strains and manipulation protocols have 
been developed (Cereghino and Cregg, 2000). 
Pichia pastoris is now becoming a more frequently used yeast as opposed to 
S. cerevisiae for the following reasons; (i) the Alcohol Oxidase and GAP promoters 
are well suited for foreign protein expression; (ii) it is faster and as easy to 
manipulate asS. cerevisiae and even Escherichia coli; (iii) it has the major advantage 
that although it is a single-celled eukaryotic micro-organism, it is capable of the 
many post-translational modifications performed by higher eukaryotic cells, such as 
proteolytic processing, folding, disulphide bond formation and glycosylation; (iv) it 
can withstand the high cell densities involved in culturing, therefore giving higher 
protein yields (Cereghino and Cregg, 2000). 
The pPIC P. pastoris expression system is based on its ability to metabolize 
methanol. The metabolic pathway involves a unique set of enzymes, the most 
important of these being Alcohol Oxidase (AOX), catalysing the first step of 
oxidation of methanol giving formaldehyde and hydrogen peroxide. 
- 8 -
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Alcohol Oxidase is encoded by two genes AOXI and AOX2. The majatity of 
the activity arises from AOXl, its expression being controlled by transcription. The 
level of transcription increases with the presence of methanol (Cereghino and Cregg, 
2000). 
There are numerous P. pastoris phenotypes arising as a result of recombinant 
transformation and the two AOX genes. Wild type P. pastoris has the AOXl and 
AOX2 genes and therefore primarily uses the AOXl gene for its methanol 
metabolism, giving rise to the so-called Mut+ phenotype (methanol utilization plus), 
growing at the wild type rate. When pPIC vectors are transformed into the P. 
pastoris genome, the two AOX genes can be maintained intact, therefore the yeast 
retains the Mut+ wild type growth rate. Recombination however gives the possibility 
of disturbing the AOX genes. A disruption of the AOXl gene promotes the use of 
AOX2, the weaker of the two genes. The metabolism and growth on methanol is, 
therefore, less efficient and slower so giving rise to the Muts phenotype (methanol 
utilization slow). A third phenotype exists for P. pastoris that can not grow on 
methanol due to a lack of both AOX genes; this is known as Mur (Macauley-Patrick 
et a!., 2005). 
The promoter for the AOXl gene has been isolated and used in vectors such 
as pPICZ and pPICZa. Insertion of a foreign gene into the vector with this promoter 
would therefore allow it to be inducible with methanol. This vector series is 
advantageous in the fact that a foreign protein would be repressed in initial growth 
media and induced when transfeJTed to methanol media. This is particularly useful 
when the foreign protein is toxic to the yeast cells when present at the levels involved 
in recombinant expression (Cereghino and Cregg, 2000). The use of the AOXl 
promoter and methanol induction is not always appropriate however. In large scale 
industrial fermentation for instance, the large volumes of methanol required are 
considered a fire hazard (Cereghino and Cregg, 2000; Macauley-Patrick eta!., 2005). 
In this situation altemative promoters exist. The main one of these is the constitutive 
glyceraldehyde-3-phosphate dehydrogenase (GAP) gene promoter (Waterham et a!., 
1997). The GAP promoter is used in vectors such as pGAPZ and pGAPZa. The 
significant differences of the pGAP P. pastoris system are constitutive expression 
and the utilization of glycerol for its growth. Due to this constitutive expression, the 
use of the GAP promoter is not a good choice for expression of proteins toxic to 
yeast (Cereghino and Cregg. 2000). 
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The large range of vectors available for P. pastoris also allows the user to 
select between intracellular expression of heterologous protein or secretion into the 
extracellular media. Where possible, secretion is the best option as it aids the 
purification process because P. pastoris secretes very low levels of endogenous 
proteins and the culture medium also contains no added proteins. Secreted 
heterologous protein therefore comprises the majority of the protein in the external 
medium and is already separated from cellular proteins. To facilitate secretion, a 
secretion signal is required to ensure the foreign protein is targeted to the secretory 
pathway. The most successful secretion signal to date is the a-mating factor of S. 
cerevisiae which contains both a signal peptide (pre-sequence) and a secretion 
targeting sequence (pro-sequence). Other secretion signals do exist, for example 
BARl and HEX4, but these are used less frequently (Cereghino and Cregg, 2000). 
All of the advances in the use of the P. pastoris system make it an attractive 
alternative expression host to S. cerevisiae. Heterologous protein production can be 
optimized using the various strains and range of vectors available to suit the nature of 
the foreign protein. Regardless of all of these developments, the main limitation of 
the P. pastoris system remains cleavage of recombinant protein due to proteolysis. 
Although P. pastoris can tolerate high cell densities, a small amount of cell death is 
inevitable. The dead cells have a tendency to lyse thus releasing vacuolar proteases 
which are able to degrade heterologous protein. This can be kept to a minimum by 
utilizing protease deficient strains, but it has yet to be eliminated completely (Jahic et 
al., 2006). 
Numerous examples describing the use of P. pastoris are publicised in 
scientific literature, demonstrating its versatility in heterologous protein expression. 
Gurkan and Ellar (2003) expressed a synthetic Bacillus tlwri11giensis Cyt2Aal toxin 
(syncyt2Aal). Syncyt2Aal is a delta-endotoxin which has a specific insecticidal 
activity by forming pores within endogenous membranes. Pitches et al. (2004a) 
designed a spider venom neurotoxin (SFil)-GNA lectin fusion protein and expressed 
it in P. pastoris with yields of 0.5-5mg per litre of culture medium. The recombinant 
fusion protein was shown to be toxic to L. oh:mcea larvae by injection (100o/r} 
mortality after 48 hours) and oral delivery (I oor~r, mortality over 6 days with 2.5mg 
of fusion protein). Chen et al. (2004) expressed a recombinant mungbean clefensin 
(rVrD I) in P. postoris. obtaining levels of around 3mg per litre of culture medium. 
The growth inhibitory activity of the plant cleknsin was clemonstratccl in four plant 
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fungal species; Fusarium oxy.\]HJrlt/11, Pyricularia oryza. Rhizoctonia so/ani and 
Trichophyton mhrwn. It was also subsequently shown to inhibit the development of 
bruchid beetle larvae. Pham-Trung et al. (2006) prepared a red scorpion toxin 
(ButaiT)-GNA lectin fusion protein in P. pastoris, with expression levels of 25-35mg 
per litre of culture medium being obtained. Its acute toxicity upon injection into L. 
oleracea larvae was demonstrated alongside its chronic toxicity when delivered 
orally. It was also shown to be toxic to Nilaparvata lugens (rice brown planthopper) 
when fed in artificial liquid diet. 
1.5. Avidin 
Previously, an avidin gene construct was prepared for use in experiments as a 
fusion with garlic lectin (ASA; Allium sativum Agglutinin) to be used for the 
transport of biotinylated proteins in insects. 
A vi din is a basic glycoprotein isolated from chicken egg white and the tissues 
of birds. It has a homo-tetrameric structure, with each subunit comprising of 128 
amino acids, being approximately 16kDa in size (DeLange and Huang, 1971) and 
having an isoelectric point of 10.0 (Woolley and Longsworth, 1 942; Savage et al., 
1992). Avidin was originally discovered due to its very high affinity for biotin 
(vitamin H) (Gyorgy et al., 1941), having a dissociation constant of 10- 15 (Savage et 
al., 1992). It therefore works by sequestering biotin, rendering it unavailable for use 
as an enzyme activity cofactor. Targets include carboxylation, decarboxylation and 
transcarboxylation reactions (Kramer et al., 2000; Samols et al., 1988; Knowles, 
1989). Dr Dave Bown used Gallus gallus (chicken) to obtain the avidin gene 
construct. The avidin gene was found to contain four exons, with the majority of the 
mature polypeptide coding sequence being in exon 2 and exon 3. Exons 2 and 3 were 
amplified separately from chick embryo tissue genomic DNA using designed 
primers. To ensure conect processing, TOPO-TA cloning of the exons into pCR2.1 
intermediate vector was carried out separately. Once sequenced and confirmed, 
exons 2 and 3 were excised and ligated together in the pUC 18 vector. The combined 
exons were then assembled with oligonucleotides containing the exon 4 sequence 
and cloned directly into the pGAPZaB yeast expression vector. A clone containing 
the complete expression construct (Figure 3) was selected and used for the garlic 
lectin fusion. Work on this fusion suggested that avidin could potentially be used 
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alone as an altemative canier to GNA since it was detected in the haemolymph of L. 
oleracea larvae following ingestion of avidin containing diet (Section 3.3). 
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ATGAGATTTCCTTCAATTACTGCTGTTTTATTCGCAGCATCC -267 
TCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGGCACAAATTCCGGCTGAAGCTGTCATCGGT -225 
TACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTCCAACAGCACAAATAACGGGTTATTGTTT -150 
ATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGAGGCTGAAGCTGCA - 75 
GCTAGAAAATGCTCGCTGACTGGGAAATGGACCAACGATCTGGGCTCCAACATGACCATCGGGGCTGTGAACAGC +75 
A R K C S L T G K W T N D L G S N M T I G A V N S 25 
AAAGGTGAATTCACAGGCACCTACACCACAGCCGTAACAGCCACATCAAATGAGATCAAAGAGTCACCACTGCAT +150 
K G E F T G T Y T T A V T A T S N E I K E S P L H 50 
GGGACACAAAACACCATCAACAAGAGGACCCAGCCCACCTTTGGCTTCACCGTCAATTGGAAGTTTTCAGAAAGT +225 
G T Q N T I N K R T Q P T F G F T V N W K F S E S 75 
ACTACTGTCTTCACGGGCCAGTGCTTCATAGACAGGAACGGGAAGGAGGTCCTGAAGACCATGTGGCTGCTGCGG +300 
T V F T G Q C F I D R N G K E V L K T M W L L R 100 
TCAAGTGTTAATGACATTGGTGATGACTGGAAAGCTACGCGTGTTGGTATCAACATCTTCACTAGATTGAGAACT +375 
S S V N D I G D D W K A T R V G I N I F T R L R ~ 125 
CAAAAGGAAATCGACCATCATCATCATCATCATTGA +411 
Q K E I D 136 
Figure 3. 
Nucleotide and amino acid sequence of recombinant avidin obtained from G. gallus. The coding 
sequence (amino acids 1-128) is highlighted in yellow and outlined in red is the His-tag (amino 
acids 131-136) used for purification by nickel affmity chromatography. 
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Avidin has been demonstrated to be orally insecticidal to a number of 
lepidopteran, dipteran and coleopteran insect pests (Levinson and Bergmann, 1959; 
Tsiropoulos, 1985; Bruins et al., 1991; Levinson et al., 1992; Morgan et al., 1993; Du 
and Nickerson, 1995; Allsopp and McGhie, 1996; Markwick et al., 2001; Cheng Zhu 
et al., 2005) and transgenic avidin-expressing maize, corn and rice have been 
cultivated with success (Kramer et al., 2000; Friends of the Eatth communication, 
2002; Yoza et al., 2005). 
1.6. Project Aims 
The aims of this MSc research project are; (i) to carry out further screens of 
the E. pemzicomis venom gland eDNA library by sequencing DNA obtained from 
individual clones of the library; (ii) to investigate the potential use of reprolysin-like 
metalloprotease as an insecticidal component of a fusion protein by expressing 
truncated versions of the protein in P. pastoris and carrying out bioassays in L. 
oleracea larvae; (iii) to ve1ify and examine the potential use of recombinant avidin as 
an alternative carrier protein in Fusion Protein Technology by firstly optimising the 
purification of recombinant avidin and secondly exploring all aspects of any 
insecticidal action and transp01t using bioassays with Mamestra brassicae (cabbage 
moth) larvae. 
- 14-
Materials and Methods 
2.0. Materials and Methods 
2.1. Biological and Chemical Reagents 
All chemical reagents utilized were supplied by BDH (from VWR), Sigma or 
Merck unless otherwise stated. These were of the highest analytical grade 
commercially available. 
For bacterial work, One Shot TOP 10 Electrocomp Escherichia coli cells of 
the genotype F- mcrA L1(mrr-hsdRMS-mcrBC) <p80lacZL1M15 L1lacX74 recAl 
araD139 L1(araleu)7697 galU ga!K rpsL (StrR) endAl nupG were used (supplied by 
Invitrogen). 
For yeast work, Easycomp protease deficient SMD1168H of the genotype 
pep4 and X33 wild type strains of Pichia pastoris were used (supplied by 
Invitrogen). 
2.2. Laboratory Techniques 
All procedures adopted for the routine molecular biology experimental work 
were based upon those standard protocols found in Molecular Cloning (Sambrook 
and Russell, 200 l ). 
2.2A. Eulophus pennicornis Venom Gland eDNA Library Screening and 
Production of Reprolysin-like Metalloprotease Structural Variants 
An E. pennicornis venom gland eDNA library was prepared by Dr Daniel 
Price using a Creator SMART eDNA Library Construction Kit (Clontech) and 
transformed into TOPlO E. coli cells. Aliquots of the unamplified eDNA library 
(2.8xl05 cfu) were stored at -80°C and thawed when required. 
The pGAPZaB expression vector with or without GNA for the reprolysin-like 
metalloprotease variants was prepared from ButaiT:GNA pGAPZaB in TOPl 0 E. 
coli as described by Pham-Trung et al. (2006). 
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2.2A-l. Bacterial Cell Culture 
For the culturing of bacterial cells, LB media (1% [w/v] trypticase peptone, 
0.5% [w/v] yeast extract, 1% [w/v] sodium chloride), originally described by and 
named after its founders Luria and Bertani, was used (Bertani, 1951). Where cell 
growth was required, LB agar was used. This is identical to the above with the 
addition of 1.5% [ w/v] agar. LB agar was autoclave sterilized before use. Relevant 
antibiotic was added on cooling. LB agar was poured into sterile agar plates 
(supplied by Sterilin) within a 70% [ v/v] ethanol treated LAF cabinet and allowed to 
set. Plating out was performed using an ethanol flamed loop or glass spreader within 
the proximity of a Bunsen burner to maintain sterility. Autoclave sterilized LB media 
was used for the propagation of bacterial cells. For analysis, 5ml aliquots in 
McCartney bottles were prepared (minipreps). Relevant antibiotics were added 
followed by inoculation with either an aliquot of a glycerol stock or a bacterial 
colony transfeiTed from an agar plate. Again, sterile technique was used. Bacterial 
plates and cultures were incubated overnight at 37°C (cultures were secured on an 
orbital shaker set at 200rpm). Antibiotics used in bacterial cell culturing included 
chloramphenicol, kanamycin and Zeocin (50JLg/ml and lOOJLg/ml respectively). A 
low salt LB media containing only 0.5% [w/v] sodium chloride was necessary to 
maintain Zeocin activity. 
Serial dilutions of the venom gland eDNA library were plated out and 
individual colonies chosen at random for propagation and analysis. Plates of 
ButaiT:GNA pGAPZaB were streaked out and colonies chosen for propagation. 
2.2A-2. Plasmid DNA Isolation 
Plasmid DNA was extracted from propagated cells using Promega Wizard 
Plus SV Miniprep DNA Purification Systems. The manufacturers instructions 
supplied with the kit were followed. The use of nuclease free water, sterile 
Eppendorf tubes and sterile pipette tips are fundamental during DNA work to ensure 
unwanted DNA digestion is prevented. 
2.2A-3. Polymerase Chain Reaction (PCR) 
Fragments of DNA were amplified by PCR. The three reprolysin-Iike 
metalloprotease structural variant constructs (Rep 1, Rep 2 and Rep 3) (Figures 14, 
15 and 16) were generated utilizing the original reprolysin-like metalloprotease 
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pGAPZaB sequence (Figure 1) (supplied by Dr Daniel Price) as a template in PCR. 
Oligonucleotide primers were designed for the purpose (Table 1 ). For amplification, 
Finnzymes Phusion High-Fidelity DNA Polymerase (supplied by New England 
Biolabs) or Taq Polymerase (supplied by Promega) was used. Oligonucleotide 
primers were supplied by Sigma Genosys and solubilised in nuclease free water as 
detailed in the manufacturer quality control sheet. Promega supplied the dNTPs. 
Standard 50~-LI reactions were prepared (final concentrations of 0.2/lM pnmers, 
0.2mM dNTPs, 1x PCR buffer, 1.5mM MgC)z, 1 U polymerase). For Phusion 
polymerase, the final concentration of the primers was 0.5/lM as recommended in the 
manufacturer instructions. Standard cycling conditions used are listed in tables 2 and 
3. These were sometimes modified to suit the melting temperature (Tm) of the PCR 
primers. Samples were covered with mineral oil to prevent evaporation and a 
Biometra Trio or Perkin Elmer GeneAmp PCR System 2400 thermocycler was used. 
Where required, PCR products were purified using Amicon Microcon-PCR filters 
according to the manufacturer instructions. PCR products were then visualized by 
DNA agarose gel electrophoresis (Section 2.2A-5). 
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Primer Sequence Enzyme site 
Reprolysin I 5' AGCCTGCAGGTCAGTATAGCGAATCGCAG Pstl 
Reprolysin 1 3' ATGCGGCCGCCTGCTTTCGATAGGTATCTTT Notl 
Reprolysin 2 S' AGCCTGCAGGTTTTTATCCGAAACTCCTTGTAC Pstl 
Reprolysin 2 3' ATGCGGCCGCCTGCTTTCGATAGGTATCTTT Notl 
Reprolysin 3 5' AGCCTGCAGGTTTTTATCCGAAACTCCTTGTAC Pstl 
Reprolysin 3 3' TATTCTAGATGCTTTCGATAGGTATCTTT Xbal 
Table 1. 
Oligonucleotide primers used to generate the reprolysin-like metalloprotease structural variants. 
Enzyme restriction sites are underlined. 
0 94°C 30s 
1 94°C lOs 
2 50°C 30s xl5 Cycles 
3 72°C 2 min 
4 72°C 5 min 
Table 2. 
Cycling conditions used for Taq polymerase PCR reactions. 
0 98°C 30s 
1 98°C lOs 
2 52°C 30s xl5 Cycles 
3 72°C 45s 
4 72°C 5 min 
Table 3. 
Cycling conditions used for Phusion polymerase PCR reactions. 
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Table I illustrates that the primer pairs contained either, 5' Psti and 3' Noti 
(Rep I and Rep 2) or Y Psti and 3' Xbal (Rep 3) enzyme restriction sites to allow 
insertion into similarly digested expression vector. Due to difficulties in cloning 
directly, sub-cloning to produce the three constructs was can·ied out using the TOPO 
cloning kit (purchased from Invitrogen), containing the pCR2.1-TOPO vector, 
following manufacturer instructions. 
2.2A-4. Restriction Endonuclease Digests 
Following propagation (Section 2.2A-1) and DNA isolation (Section 2.2A-2), 
eDNA library plasmids were restricted with EcoRI and Xbai prior to insert 
confi1mation. ButaiT and ButaiT:GNA were digested from the complete isolated 
ButaiT:GNA pGAPZaB construct using Pstl, Notl and Pstl, Xbal respectively. Rep 
1, Rep 2 and Rep 3 PCR products were restricted using the enzyme sites contained in 
the primers (Table 1) in preparation for ligation into the prepared expression vector. 
Restriction enzymes, supplied by Promega, were chosen on the basis of 
plasmid maps and DNA sequences. Enzyme activity buffers were selected after 
consulting buffer charts within the manufacturer manual. Where possible buffers 
promoting 100% activity were chosen, however, where this was impossible, the next 
best were used. Digests were placed in a Grant heat block pre-set to 37°C. Although 
three hours is the minimum recommended time, the majority were allowed to restrict 
overnight. 
2.2A-5. DNA Agarose Gel Electrophoresis 
Submarine Agarose Gel Electrophoresis was used to confirm inserts and 
visualize DNA. Appropriate gel frames and well combs were used to accommodate 
the number of samples. The percentage [ w/v] of agarose (supplied by Mel ford) used 
was varied between 1% and I.5% depending on the size of the DNA fragments. Gel 
solutions were produced using lx [ v/v] T AE from a SOx T AE laboratory stock (2M 
tris-HCI, 2M glacial acetic acid, 50mM EDT A pH 8.0), heated in the microwave 
until boiling clear and ethidium bromide (lOmg/ml) added at a concentration of 
O.SJ.Lglmi on cooling. Gels were allowed to set for a minimum of thirty minutes. 
Running buffer consists of lx [v/v] TAE and 0.5J.Lg/ml ethidium bromide in purified 
water. Samples were mixed with 6x Orange G loading dye (lOmM tris-HCI pH 7.6, 
0.15% [w/v] Orange G, 60% [v/v] glycerol, 60mM EDTA). Fermentas A./Eco471 was 
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used as a marker of size. Gels were run at lOOV, 0.05-0.1 A maximum cunent. 
Complete gels were observed using a Geneflash Syngene UV cabinet with Pulnix 
camera and captured using a Sony Video Graphic UP-895MD printer. 
Random eDNA library plasmids with inse11s greater than 500bp were sent for 
DNA sequencing in both directions using vector specific primers. 
2.2A-6. Recovery of DNA from Agarose Gels 
Where DNA needed to be isolated from agarose gels, the required band was 
excised from the gel on a UVP inc. UV transilluminator, solubilised and purified 
using the Qiagen Gel Extraction Kit or Eppendorf Gel Cleanup Systems following 
manufacturer instructions. 
2.2A-7. DNA Sequence Analysis 
DNA sequencing was used to check the three intermediate and final 
reprolysin-like metalloprotease construct products. 
Appropriate vector specific primers were supplied and sequencmg was 
canied out using Applied Biosystems ABI Prism 3730 automated DNA sequencers 
by the DNA sequencing service (DBS Genomics), School of Biological and 
Biomedical Sciences, University of Durham. Sequence data was analysed using 
Sequencher software (version 4.5) running on Mac OS computers. 
2.2A-8. Ligation Reactions 
Correct Rep 1, Rep 2 and Rep 3 constructs were ligated into the prepared 
expression vector using T4 DNA ligase supplied by Promega. lOJll reactions were 
set up containing roughly equal amounts of pGAPZaB expression vector and Rep 1, 
Rep 2 or Rep 3 insert. Ligation reactions were either left at 22°C for three hours or 
overnight at 4°C. 
2.2A-9. Transformation of Competent Bacterial Cells 
For bacte1ial expression of the Rep 1, Rep 2 and Rep 3 pGAPZaB constructs, 
TOP LO electro-competent E. coli bacterial cells were used (Section 2.1 ). Cells were 
removed from -80°C storage and thawed on ice. Upon mixing with the required 
ligated plasmid, electroporation allowed plasmid uptake. Electroporation was canied 
out using a Biorad Gene Pulser system following recommendations by both 
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Invitrogen (the cell provider) and Biorad (E. coli electroporation protocol). Once 
transformed, cells were placed on a shaker at 37°C for one hour and then plated out 
as described in section 2.2A-l. Transformants were analysed by plasmid DNA 
isolation and DNA sequencing (Sections 2.2A-2 and 2.2A-7), or by colony PCR. 
2.2A-10. Colony PCR 
Colony PCR was used as a rapid method of confirming DNA inserts. 
Individual colonies were suspended in 10~-tl of sterile water by vortex mixing and 
boiled in a water bath for five minutes. Cell debris was then pelleted by a pulse spin 
in a bench top centrifuge. Supernatant was then analysed by PCR using both vector 
specific and gene specific primers (Section 2.2A-3). 
2.2A-11. DNA Quantification 
dsDNA absorbs light at a wavelength of 260nm. After Rep 1, Rep 2 and Rep 
3 pGAPZaB bacterial expression and plasmid extraction, DNA quantification was 
catTied out in preparation for yeast transformation by measuring the absorbance of a 
1 in 10 diluted sample at A.260 using an Eppendorf BioPhotometer. A value for the 
amount of DNA was calculated knowing that lAU is equivalent to 50~-tg/ml. 10~-tg of 
DNA for each construct was used for subsequent yeast preparation. 
2.2A-12. Linearization of DNA 
For yeast transformation, plasmid constructs were linearized using either Bini 
(supplied by Roche) (for pGAP based constructs) or Saci (for pPIC based 
constructs). 
2.2A-13. Extraction and Precipitation of DNA 
Linearized Rep 1, Rep 2 and Rep 3 pGAPZaB plasmid DNA was cleaned up 
by phenol-chloroform extraction and concentrated by ethanol precipitation 
(Sambrook and Russell, 2001). Precipitated DNA was resuspended in 5~-tl of 
nuclease free water and used to transform competent yeast cells. 
2.2A-14. Transformation of Competent Yeast Cells 
For yeast expression of the Rep I, Rep 2 and Rep 3 pGAPZaB constructs, 
Easycomp SMD P. pastoris was used (Section 2.1 ). Cells were removed from -80°C 
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storage and thawed on ice. Heat shock transformation was canied out following the 
Easycomp manufacturer instructions. Transformants were analysed by western blot 
(Section 2.2B-7) or by colony PCR (Section 2.2Al0). 
2.2A-l5. Bacterial and Yeast Glycerol Stocks 
To maintain a supply of competent cells successfully transformed with the 
Rep 1, Rep 2 and Rep3 pGAPZaB constructs, glycerol stocks were prepared. Cells 
were transfened from those required and Sml or lOml analysis cultures set up as 
mentioned in section 2.2A-l for bacteria and 2.2B-l for yeast. 250J.d of 60% [ v/v] 
glycerol was mixed with 750J.d of the overnight culture in l.Sml cryogenic tubes, 
supplied by Thermo-Fisher Scientific. These were then snap frozen in liquid nitrogen 
and stored at -80°C. 
2.2B. Expression of Reprolysin-like Metalloprotease, Reprolysin-like 
Metalloprotease Structural Variants and A vi din 
Production of the original reprolysin-like metalloprotease was required for 
use as a control for the three structural variants. The original reprolysin-like 
metalloprotease pGAPZaB in SMD P. pastoris was supplied from -80°C storage by 
Dr Daniel P1ice. 
The three reprolysin-like metalloprotease pGAPZaB structural variants m 
SMD P. pastoris had been produced as detailed in section 2.2A. 
Avidin pGAPZaB in X33 wild type P. pastoris had been produced by Dr 
Dave Bown. It was supplied from -80°C storage by Dr Elaine Pitches. 
2.2B-l. Yeast Cell Culture 
For the culturing of yeast cells, YPG media (2% [ w/v] trypticase peptone, 1% 
[w/v] yeast extract, 4% [v/v] glycerol) was used. Where yeast cell growth was 
required, YPG agar was used. This is identical to the above with the addition of 2% 
[w/v] agar. YPG agar plates were prepared and plated out in a similar manner to 
bacterial agar plates (Section 2.2A-l). Autoclave sterilized YPG media was used for 
the propagation of yeast cells. For analysis, lOml aliquots in McCm1ney bottles were 
prepared. These were set up in a similar way to bacterial analysis cultures except for 
the addition of yeast glycerol stocks or yeast cells from a colony. Yeast plates and 
cultures were incubated for two-four days at 30°C (cultures were secured on an 
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orbital shaker set at 250rpm). For inducible yeast vectors, BMGY growth and 
BMMY expression media was used. BMGY consists of 2% [w/v] trypticase peptone, 
1% [ w/v] yeast extract, 1 OOmM potassium phosphate pH 6.0, 1.34% [ w/v] yeast 
nitrogen base, 4x10-5% [w/v] biotin and 1% [v/v] glycerol. BMMY differs in one 
respect only; the glycerol is replaced by 0.5% [v/v] methanol. This change induces 
protein expression. Stock solutions of 1M potassium phosphate pH 6.0, lOx YNB, 
500x biotin, lOx glycerol and lOx methanol were prepared and media was produced 
as detailed in the Invitrogen Pichia manual. For analysis, 50ml BMGY and lOOm! 
BMMY aliquots were prepared in baffled flasks and inoculated as described above. 
All other aspects of the propagation (BMGY media) and induction (BMMY media) 
of the cells were carried out following recommendations in the Invitrogen manual. 
The antibiotic used in yeast cell culturing was Zeocin (lOOJ!g/ml). 
For purification of reprolysin-like metalloprotease after small scale analysis, 
cultures were scaled up to lL of media in a 5L baffled flask. These were inoculated 
with 50ml starter cultures (grown for three days) to increase the initial cell growth 
rate. Incubation conditions were identical to those mentioned above. After small 
scale analysis, 3L and 7.5L New Brunswick Scientific BioFio 110 bench-top 
fermenters were used for avidin purification. Either l.25L or 3L of sterile minimal 
media (Higgins and Cregg, 1998) supplemented with PTMl trace salts (Cino, 1999) 
was inoculated with three 50ml or three lOOm! stm1er cultures respectively (grown 
for three days). Cultivation limits were set at 30°C, pH 4.0-5.0 and 30% dissolved 
oxygen with continuous agitation. A glycerol feed of 5-lOml/hour was maintained 
over three days. 
The pGAPZa expression vector (supplied by Invitrogen) used for purification 
was specifically chosen so that recombinant protein was secreted into the 
sunounding media. Centrifugation of cultures for 25 minutes at 7000rpm, 4°C 
pelleted the cells so that supematant could be processed fll11her. Sodium chloride was 
added to the reprolysin-like metalloprotease culture supematant g1vmg a final 
concentration of 2M. Avidin culture supematant was adjusted to 50mM sodium 
acetate pH 4.0 from a 20x stock solution and sodium chloride added to give a final 
concentration of 0.5M. 
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2.2B-2. Chromatography and Purification 
Yeast supernatant containing reprolysin-like metalloprotease was filtered 
through 1.2 11m GF/C, 111m GF/D and 0.7/lm GF/F membrane discs (supplied by 
Whatman) in sequence and then run through an XK16/20 hydrophobic interaction 
Phenyl Sepharose column (supplied by Pharmacia - now GE Healthcare) at 
2ml/minute. The column was sanitized and rinsed following manufacturer 
recommendations. It was then equilibrated with 2M salt buffer and protein allowed to 
load and re-circulate overnight. After a 2M salt wash, protein was eluted by linear 
reduction in the salt concentration using an FPLC system (also supplied by 
Pharmacia). Five millilitre fractions were collected and analysed using SDS-PAGE. 
Avidin culture supernatant, again filtered using the same filter sequence described 
above, was run through a HisTrap FF Crude 1ml column (again supplied by 
Pharmacia) for binding His tagged proteins, stripped and re-charged with nickel as 
per manufacturer recommendation. After equilibration with binding buffer (50mM 
sodium acetate, 0.5M sodium chloride pH 4.0), supernatant was loaded and allowed 
to re-circulate overnight at a flow rate of 1 ml/minute. Following a binding buffer 
wash, recombinant avidin was eluted using 100mM sodium acetate, 300mM 
imidazole, 0.5M sodium chloride pH 7.4. The single peak was collected and analysed 
by SDS-PAGE. To maximise protein recovery from large volumes, supernatant flow-
through was re-processed through the columns a minimum of three times. 
2.2B-3. Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis (SDS-
PAGE) of Proteins 
Sodium dodecyl sulphate poly-acrylamide gel electrophoresis with the 
discontinuous pH system originally described by Laemmli ( 1970) was used to 
visualize proteins. One millimetre gels were produced following the Qiagen protocol. 
Gel plates and running tanks were supplied by ATTO Corporation. The percentage 
[v/v] of acrylamide solution (supplied by National Diagnostics) varied between 12% 
and 15% depending on the size of the proteins. The maj01ity of resolving gel 
solutions consisted of 15% [v/v] acrylamide, 0.2M tris-HCI pH 8.8, 0.1% SDS, 0.1% 
[w/v] ammonium persulphate and 0.5% [v/v] TEMED. Stacking gel solution 
consisted of 4% [v/v] acrylamide, O.l3M tris-HCI pH 6.8, 0.1% [w/v] SDS, 0.1% 
[w/v] ammonium persulphate and 0.75% [v/v] TEMED. lx reservoir buffer was 
produced from a lOx reservoir buffer laboratory stock (0.25M tris-HCI, 1.92M 
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glycine, l% [w/v] SDS). Samples were mixed with 5x SDS loading dye (312.5mM 
tris-HCl pH 6.8, 50% [v/v] glycerol, 10% [w/v] SDS, 0.01% [w/v] Bromophenol 
Blue, 25% [v/v] ~-mercaptoethanol) and boiled in a water bath for 10 minutes. Sigma 
SDS 7 was used as a marker of size. Gels were run at 100V, 0.05-0.1A maximum 
cuiTent through the stacking gel and 200V, 0.05-0.1A maximum current through the 
resolving gel. Complete gels were stained for three hours and de-stained, using 
laboratory stocks of filtered Coomassie stain (0.04% [w/v] Coomassie Brilliant Blue, 
40% [v/v] methanol, 7% [v/v] glacial acetic acid) and de-stain (40% [v/v] methanol, 
7% [v/v] glacial acetic acid), or prepared for western blot (Section 2.2B-7). De-
stained gels were scanned into a Mac OS computer and captured as TIFF files. 
2.2B-4. Dialysis and Freeze Drying 
For avidin, where volumes were appropriately small, buffer exchange to 
purified water was carried out by dialysis. Dialysis tubing with a molecular weight 
cut off of 12-14kDa was supplied by Medicell International Ltd. and prepared for use 
by boiling for 10 minutes in purified water containing ammonium hydrogen 
carbonate and a trace of EDT A. Tubing containing protein sample was double 
clamped. Dialysis was carried out at 4°C with gentle stilTing in at least lOOx greater 
volume of required buffer and replaced at least twice (morning and evening), 
ensuring initial buffer concentration was reduced to 1 nM. 
Following dialysis, the recombinant protein was frozen m liquid nitrogen, 
freeze-dried (FfS System Flexi Dry MP) and stored at 4°C. 
2.2B-5. Protein Quantification 
Recombinant protein concentration was estimated by SDS-PAGE (Section 
2.2B-3), running various amounts alongside known concentrations of standard. 
2.2B-6. Chloroform-Methanol Precipitation of Proteins 
In some cases, for analysis by SDS-PAGE and western blot, protein samples 
were concentrated by chloroform-methanol precipitation as described by Wessel and 
FIUgge (1984 ). 
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2.2B-7. Western Blotting 
Western blotting originally reported by Towbin et al. (1979) was used as a 
more sensitive approach for visualising proteins. Samples for analysis were run on 
SDS-PAGE gels as described in section 2.2B-3, however, instead of staining and de~ 
staining, gels were equilibrated with an aliquot of a laboratory stock solution of 
Bjerrum and Schafer-Nielsen buffer (48mM tris-HCl, 39mM glycine, 20% [v/v] 
methanol) (Bjerrum and Schafer-Nielsen, 1986). The semi-dry transfer (Kurien and 
Scofield, 2006) and detection was carried out following the Qiagen protein analysis 
benchguide. Nitrocelluose membrane (supplied by BDH- from VWR) and HorizBlot 
electroblotting systems were used (supplied by A ITO Corporation). Transfer was 
confirmed using a small amount of a laboratory stock of filtered Ponceau S stain 
(0.5% [w/v] Ponceau S, 1% [v/v] glacial acetic acid). Fresh solutions of block (lx 
PBS, 0.05% [v/v] Tween-20, 5% [w/v] milk powder) and rinse (lx PBS, 0.05% [v/v] 
Tween-20) were produced for every blot. Transferred proteins were probed with 
appropriate specific primary antibodies, including anti-Myc (1 :5000 dilution), anti-
ONA (1:3000 dilution), anti-avidin (1:5000 dilution) and anti-ASAII (1:3000 
dilution) (supplied by Cell Signalling Technology) and allowed to incubate 
overnight. Peroxidase coupled secondary antibodies (1:5000 dilution) were left to 
bind for a minimum of three hours and visualized using ECL substrate (1M tris-HCl 
pH 8.5, 0.2mM coummic acid, 1.25mM luminol and 3% [v/v] hydrogen peroxide) by 
exposure to X-Ray film (supplied by Fujifilm) in a film cassette for varying times. 
Films were developed using an automatic X-ograph Imaging systems Compact X4 
developer. 
2.2B-8. Gelatin Activity Gels 
In-gel activity of reprolysin-like metalloprotease was shown usmg SDS-
PAGE. 12.5% acrylamide gels containing 0.12% gelatin as a substrate according to 
Heussen and Dowdle (1980). Samples were prepared under non-reducing conditions, 
i.e. mixed with 5x SDS loading dye (312.5mM tris-HCl pH 6.8, 50% [v/v] glycerol, 
10% [w/v] SDS, 0.01% [w/v] Bromophenol Blue) without ~-mercaptoethanol present 
and no boiling. Again, SDS 7 (Sigma) was used as a marker of size. Gels were run at 
100V, 0.05-0.lA maximum cunent at 4°C. Complete gels were incubated in 1% 
Triton X-100 for one hour at room temperature to remove SDS. Following this, the 
active study gels were incubated overnight in 20mM tris-HCl pH 7.0, 1 mM zinc 
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sulphate at 37°C, whereas inhibition study gels were incubated ovemight in 20mM 
tris-HCI pH 7.0, 5mM EDTA at 37°C. Gels were stained and de-stained in a similar 
fashion to SDS-PAGE gels (Section 2.2B-3). Again, de-stained gels were scanned 
into a Mac OS computer and captured as TIFF files. 
Coupling of Antibody to Avidin 
Sugar transporter IgG primary antibody raised in rabbit was supplied from -
20°C storage by Dr Daniel Price. It was quantified by SDS-PAGE prior to use 
(Section 2.2B-3). 
2.2C-1. Biotinylation 
Antibody biotinylation was canied out usmg the Amersham Biosciences 
(now GE Health care) protein biotinylation module following manufacturer 
instructions. Antibodies were initially dialysed into sodium bicarbonate as 
recommended; using lOkDa molecular weight cut off Slide-A-Lyzer dialysis 
cassettes (supplied by Pierce) due to the small volume. Following biotinylation, the 
antibodies were dialysed into PBS, making them suitable for ingestion by insects. 
0.4mg of recombinant avidin was added to 1 mg of antibodies in l ml of PBS and 
allowed to associate, making it ready for inclusion into artificial diet. 
2.2D. Fluorescent labelling of Avidin-Biotin conjugate 
Fluorescein~biotin was used to fluorescently label avidin (binding vw the 
biotin). The mass of avidin ( l6kDa subunit) is 25 times greater than that of 
fluorescein-biotin (644.70Da), with avidin binding biotin in a 1:1 ratio. Fluorescence 
was measured with lOOfll aliquots in black 96 well microtitre plates (supplied by 
Greiner bio-one) using a Labsystems Fluoroskan Ascent running on a PC with 
Ascent software version 1.3.3. Fluorescence measurements of a serial dilution of 
1 mg/ml fluorescein-biotin allowed the detection limit to be calculated. Avidin was 
dissolved in PBS, fluorescein-biotin added and allowed to bind at room temperature 
wrapped in foil with gentle agitation. A slight excess of Avidin was added (25: l) to 
ensure complete binding. 
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2.2D-l. Gel Filtration 
Haemolymph from sixth stadium M. brassicae larvae was extracted and 
separated through a PBS equilibrated Superdex 10/300 GL gel filtration column 
packed with Superdex 200 resin (supplied by Pharmacia- now GE Healthcare). A 
Phannacia (now GE Healthcare) FPLC was utilized, with a flow rate of 
0.1mllminute. Four hundred microlitre fractions were collected and measured for 
fluorescence. Haemolymph spiked with fluorescein-biotin and avidin bound 
fluorescein-biotin were also separated in this way as controls in preparation for 
feeding droplets of avidin bound fluorescein-biotin (Section 2.4B) to determine if the 
biotin, and therefore fluorescence remains bound to the avidin on transfer to the 
haemolymph. 
2.3. Insect Cultures 
Lacanobia oleracea (tomato moth) were maintained on artificial diet (Bown 
et al., 1997) under controlled environmental conditions of 25°C, 40% relative 
humidity and a 16 hour light: 8 hour dark regime. 
Mamestra brassicae (cabbage moth) were reared continuously on artificial 
diet (Bown et al., 1997) under controlled environmental conditions of 25°C, 40% 
relative humidity and a 16 hour light: 8 hour dark regime. 
Sitobion ave1we (cereal aphid) were kept on four week old oat plants under 
controlled environmental conditions of 20°C and a 16 hour light: 8 hour dark regime. 
These insects were chosen as representatives of major UK pest assemblages. 
2.4. Insect Bioassays 
2.4A. Injection bioassays 
i. Avidin Insecticidal Activity 
Purified recombinant avidin was tested for biological activity by injecting SJLI 
of sample, containing SOJLg of protein from a freeze-dried stock re-suspended in 
PBS, into day one fifth stadium M. brassicae larvae of similar size. Ten larvae were 
injected with sample, lO injected with equivalent amounts of Sigma avidin as a 
comparison, lO injected with equivalent amounts of PBS as a negative control 
(previously shown to have no effect itself) and maintained in clear plastic pots (five 
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larvae per pot). Fresh mtificial diet was added as necessary and larvae were 
monitored over the following seven days. Recombinant avidin had been quantified 
using SDS-PAGE (Section 2.2B-3). 
2.4B. Artificial diet bioassays 
i. Avidin Transport 
A powdered optimal mtificial diet (supplied by Bio-Serv) was used for oral 
delivery of avidin toM. brassicae larvae for monitoring its transportation. Two and a 
half milligrams (500ppm) of recombinant avidin (quantified by SDS-PAGE) was re-
suspended in water and incorporated into 5g wet weight of diet. A diet containing 
Sigma avidin for comparison was similarly prepared and water only diet was used as 
a negative control. Day one fifth stadium larvae were exposed to one of the three 
diets for 24 hours after which haemolymph was extracted and larvae dissected to 
obtain gut contents and midgut tissue (discussed later). Twelve larvae were used for 
each of the three treatments (recombinant avidin, Sigma avidin and water control) 
and were maintained in clear 200m! pots (four larvae per pot). 
ii. Avidin Insecticidal Activity 
Optimal attificial diet was used for the oral delivery of avidin toM. brassicae 
larvae to elucidate its biological activity. Treatments consisted of 5mg (lOOOppm), 
0.5mg (lOOppm) and 0.05mg (lOppm) of recombinant avidin (quantified by SDS-
PAGE) re-suspended in water and incorporated into 5g wet weight of diet. A 5mg 
(lOOOppm) Sigma avidin treatment diet was prepared for comparison. Five 
milligrams of casein was added into the negative control diet as a protein equivalent 
to ensure the increased concentration of protein in the test diet was not the cause of 
any observed effects. Twenty, neonate larvae were placed on each of the five 
treatments (recombinant avidin, Sigma avidin and casein control) and were kept in 
clear 200m! pots (one pot containing 20 larvae for each treatment). Survival was 
monitored daily and fresh diet was provided as required. Weights were measured 
once larvae were large enough (around day nine). 
iii. Mechanics of Avidin Fluorescein-Biotin Transport 
Newly moulted sixth stadium M. brassicae larvae, starved for 24 hours, were 
feel two SJLI droplets of either avidin bound fluorescein-biotin or fluorescein-biotin, 
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larvae per pot). Fresh m1ificial diet was added as necessary and larvae were 
monitored over the following seven days. Recombinant avidin had been quantified 
using SDS-PAGE (Section 2.2B-3). 
2.4B. A11ificial diet bioassays 
i. Avidin Transport 
A powdered optimal m1ificial diet (supplied by Bio-Serv) was used for oral 
delivery of avidin toM. brassicae larvae for monitoring its transportation. Two and a 
half milligrams (500ppm) of recombinant avidin (quantified by SDS-PAGE) was re-
suspended in water and incorporated into 5g wet weight of diet. A diet containing 
Sigma avidin for comparison was similarly prepared and water only diet was used as 
a negative control. Day one fifth stadium larvae were exposed to one of the three 
diets for 24 hours after which haemolymph was extracted and larvae dissected to 
obtain gut contents and midgut tissue (discussed later). Twelve larvae were used for 
each of the three treatments (recombinant avidin, Sigma avidin and water control) 
and were maintained in clear 200m! pots (four larvae per pot). 
ii. Avidin Insecticidal Activity 
Optimal m1ificial diet was used for the oral delivery of avidin toM. brassicae 
larvae to elucidate its biological activity. Treatments consisted of 5mg (lOOOppm), 
0.5mg (lOOppm) and 0.05mg (lOppm) of recombinant avidin (quantified by SDS-
PAGE) re-suspended in water and incorporated into 5g wet weight of diet. A 5mg 
(lOOOppm) Sigma avidin treatment diet was prepared for comparison. Five 
milligrams of casein was added into the negative control diet as a protein equivalent 
to ensure the increased concentration of protein in the test diet was not the cause of 
any observed effects. Twenty, neonate larvae were placed on each of the five 
treatments (recombinant avidin, Sigma avidin and casein control) and were kept in 
clear 200m! pots (one pot containing 20 larvae for each treatment). Survival was 
monitored daily and fresh diet was provided as required. Weights were measured 
once larvae were large enough (around day nine). 
iii. Mechanics of Avidin Fluorescein-Biotin Transpm1 
Newly moulted sixth stadium M. brassicae larvae, starved for 24 hours, were 
fed two 5/ll droplets of either avidin bound fluorescein-biotin or fluorescein-biotin, 
- 29-
Materials and Methods 
both containing 0.5% [ w/v] sucrose as a 'sweetener' (1 0 larvae per treatment). 
Larvae were then allowed to feed on m1ificial diet for one hour in the dark before 
haemolymph was extracted, separated by gel filtration and fluorescence measured. 
iv. Avidin-Antibody Coupling 
Biotinylated sugar transpot1er antibody coupled to avidin was included in 
artificial diet for oral delivery to M. brassicae larvae and S. avenae to monitor its 
transportation. Sitobion ave1we at1ificial diet was identical to that described in 
Prosser and Douglas (1992). Twenty four hours before the bioassay, 200 S. ave11ae 
were placed in Perspex aphid feeding chambers with lOOp,] artificial diet sandwiched 
between two sheets of parafilm, to allow adjustment to the new environment and diet 
ovemight (50 aphids per chamber). For S. ave1we, lOp,l of antibody coupled avidin 
was mixed with 90p,l of aphid diet. Non-coupled sugar transporter antibody and 
avidin were added to diet similarly as negative controls. Fifty aphids were used for 
each of the three treatments (10 aphids per chamber). Aphids were exposed to the 
diet for 66 hours and then haemolymph was extracted using glass capillaries. ForM. 
brassicae, 520p,l of antibody coupled avidin was incorporated into 2.5g wet weight 
of diet. Again, non-coupled sugar transporter antibody was added to diet as a 
negative control. Four larvae were used for each treatment and exposed to the diet for 
24 hours in clear pots then haemolymph extracted and dissected to obtain gut 
contents and midgut (discussed later). Two extra larvae were allowed to remain on 
the antibody coupled avidin diet for 66 hours then dissected similarly to the above. 
2.4C. Haemolymph, Gut contents and Midgut extraction and analysis 
Haemolymph, gut contents and midgut samples were extracted and processed 
as described in Fitches et al. (2001) with the exceptions that intact midguts were 
flushed with water and the extraction buffer was PBS containing 1 mM DTT. The 
protein concentration of the gut contents and midgut processed supematants were 
estimated by a microtitre-based BCA assay (reagents supplied by Pierce) using BSA 
in PBS as the standard protein, following the manufacturer instructions. Equal 
amounts of protein and haemolymph were analysed for avidin presence by westem 
blotting (Section 2.2B-7). 
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3.0. Results 
3.1. Eulophus pennicomis Venom Gland eDNA Library Screen 
Parasitic wasp venoms are a rich source of proteins, many of which have yet 
to have their function elucidated. To identify new genes encoding proteins with 
potential for use as novel insecticides, an E. pennicomis venom gland eDNA library 
was screened. 
Dilutions of the E. pennicomis eDNA library were plated out, individual 
colonies chosen at random, plasmid DNA isolated, restriction digested and inserts 
visualized on DNA agarose gels. Fifteen random plasmids with inserts greater than 
500bp were then sent for sequencing and results subjected to NCBI-BLAST 
sequence similarity searches. 
Around half of the inserts sequenced showed either no obvious open reading 
frames or open reading frames with little similarity to the sequence-database. Those 
with significant results are summarised in table 4 and the amino acid sequences can 
be seen in figures 4, 5, 6, 7 and 8. The NCBI-BLAST result for inse1t one was a 
juvenile hormone-inducible protein (Nasonia vitripennis, parasitoid wasp) 
(Accession number XP _001604874) with a score (number of matching nucleotide 
bases) of 229 and an e value (occuJTence due to chance) of 2xl0-58 . The NCBI-
BLAST result for inse1t two showed a reprolysin- like metalloprotease (Nasonia 
vitripennis, parasitoid wasp) (Accession number XP _001602775) with a score of 212 
and an e value of 5x10-53 . The NCBI-BLAST result for inse1t three was a splicing 
factor (Aedes aegypti, mosquito) (Accession number ABF 18358) with a score of 196 
and an e value of 2x 10-48 . The NCBI-BLAST result for insert four showed a trans-
membrane serine protease (Gallus gallus, chicken) (Accession number XP _ 425880) 
with a score of 81 and an e value of 8xl0- 14. The NCBI-BLAST search also detected 
a trypsin-like serine protease conserved domain. Further structural analysis using the 
CBS-TMHMM transmembrane prediction server later showed there was no trans-
membrane domain present. The NCBI-BLAST result for insert five was a neprilysin-
like protein (Venturia canescens, parasitoid wasp) (Accession number AAL91975) 
with a score of 108 and an e value of 2xl0-22 . NCBI-BLAST also detected a 
conserved peptidase_Ml3_N domain. Due to this inse1t being larger, the complete 
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sequence was not obtained (sequence sections obtained are highlighted in red in 
figure 8). However, the 5' end of the sequence contained a single Sail restriction site 
(highlighted in blue in figure 8), allowing a small fragment to be excised and the 
plasmid re-ligated. Sequencing with the fragment removed revealed the central 
section of the insett. 
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Seguence NCBI-BLASTx Result 
Score= 229 
e = 2xl0-58 
Inse11 1 1 uvenile hormone-inducible protein 
(Nasonia vitripennis, parasitoid wasp) 
Accession: XP _001604874 
Score= 212 
e = 5x 10-53 
Inse11 2 Reprolysin-like metalloprotease 
(Nasonia vitripennis, parasitoid wasp) 
Accession: XP _001602775 
Score= 196 
e = 2x10-48 
Insert 3 Splicing factor 
(Aedes aegypti, mosquito) 
Accession: ABF18358 
Score= 81 
e = 8xl0- 14 
InseJ14 Trans-membrane seline protease 
(Gallus gallus, chicken) 
Accession: XP _ 425880 
Score= 108 
e = 2x10-22 
Inse11 5 Neprilysin-like protein 
(Venturia canescens, parasitoid wasp) 
Accession: AAL91975 
Table 4. 
Summary of the best hit NCBI-BLAST sequence similarity search results for an E. pennicomis 
venom gland eDNA library. 
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CATGAAATCGAAGAA - 90 
CAAGCTGCGATTATTCAGGAGTCGAACGCCTTCAACAAAGAATCGAATTTTTATAAATACATTGTTCCAGAACTG - 75 
ATGAAGGAGGTAAAAGATCAATCTTGGCTTGCAAAGTGCTTTTTGGCTAAGGAAGACGTACTAATTTTGGAGAAT +75 
K E V K D Q S W L 25 
CTGACGTTCAAGAATTATGCGATCAAGACGAAAATATTAGATTTCGTAGCAATGAAATCAGCTTTAAACGCGCTA +150 
50 
GCAAAATTTCGCGCTTCATCCATCTTAGCAGAGAAAAGATTGGGTAAAACTTTCCAACAACTCTATCCGGAAACT +225 
75 
TTGAAAGAAGGTTTGATCGTGCAAAAGGGAAAATTACAAAACTGGTTAAGAACCAGTGTAGATGTGATTGTTGAA +300 
100 
CTGGCTAAGCAATTTGGTTTAGACCACAACTGTGTGCCCAAATTATGCGATAGAATATTCGATATTGTCGAACCG +375 
125 
TCGAAGAAGTGGCAGAATGTCATTAACAATGGCGATTTGAAATCGTATAATTTAATGTTCGACGTTTCGGTACCA +450 
150 
i
GIAAI Ci Ci TI AAAiiiTIGICIGITICIAITIAIGiTiGiGIACi Ti Ti TI CI AAIITIGIGIAITTIICIGICITIAICiGiTITICCi TI Gi CI AAIITIGIGITTIIGIAITGTCAGCGTGCTCTTC +525 V S V L F 175 
TATTTAAATCCAGAAAAGAATTAA +549 
Y L N P E K N 182 
GAGATAAATCTACGAAAGAGTTGCTGGAAACATTATCATGAAATTTTTTGTAGACCCTTGAGCGATAGTGATCTG +624 
AATATAAGGATACCAAGCTTCTCGGATATCCTTCGAGAGTATAAAGAAATGCGTCTGTTTGGTATGATTTTTTCG +699 
TGTTTATCTTCTCCTATAAATCTTATAGATGGGAATAAGTGTGCCGAGTTGACTAAAGATTCTGAAAGTTTTGCA +774 
AAGTTTCTGTTTGAGGACCATTTGGAACCTATTTCAGAAGTAATGCGGACCGATCCCATTTACTGTGATATAATT +849 
ACAGAATTGATCACGGAGCTGGTGGAAAGTTCTGAAAAAGTGCTTGCTACGATAAGTGACAATGTGTAAATCATA +924 
TTAAAAATATATTGTTTATC +944 
Figure 4. 
Nucleotide sequence and open reading frame amino acid translation of E. pennicornis venom 
gland eDNA library insert 1. An NCBI-BLAST sequence similarity search indicates the protein is 
a juvenile hormone-inducible protein (N. vitripennis) (Accession number XP _ 001604874 ). The 
signal peptide is highlighted in grey and the hormone inducible domain is outlined in red. 
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TACGATTCTTTTAAAAGACGGAGACCGAAAAGAAATACAGTTCAAAGTTACTCAGACAGAGCGTTGCAAAGGAAG 
ATGGATTTGTTCATTTTAACTCGTTTCATTTTGTTCCTATCTTTCTTTATGAAATCGATTCATTGTCAGTATAGC 
F I L T I L L S F F M K S I H 0 Q Y S 
GAATCGCAGGAATCCGGCCATAACCGGAACGCACCAGATAAAGAATTGACTACAGAAGAGTTCCAATTGATTTTT 
E S Q E S G H N R N A P D K E L T T E E F Q L I F 
CATCAATCTCAAACAGTTGATATCGAATACGATTTTATCAATATCACAACCGAGATGATTGAAACAGAACGTAAA 
H Q S Q T V D I E Y D F I N I T T E M I E T E R K 
GTTAGTTTTACAATCGATGGTAAAGAGTACCACTTATCATTGACTCCAGCTGCTTCACAATCAGTGTTGCCATAT 
V S F T I D G K E Y H L S L T P A A S Q S V L P Y 
GGTACTAAAATTAAGAGTGCAATTTGGTGGACTGATAATGATACTCATATCCACGAAGAGGACTATAGTGACGAG 
G T K I K S A I W W T D N D T H I H E E D Y S D E 
AGATGGGATAGTAGAGCTATCTATGAAAATTTAGAAATTATGGCAACTATACTGGTCCGTACCGAGAATGGTACT 
R W D S R A I Y E N L E I M A T I L V R T E N G T 
TCTTATTATGATGGAGTCTTCGGTGAAGGTATAGCAATGAAGGTTGTGAGATCTCTTCCAGGAAGATTGATGAAT 
S Y Y D G V F G E G I A M K V M R S L P G R L M N 
ATTTACGGAGCAAACTATCACTTTGTTTATGATAGTAATGGCTCCGTGTACGACGTTGTTTTAAACGGACAAGAT 
I Y G A N Y H F V Y D S N G S V Y D V V L N G Q D 
GAACCAGCTGTTCCTGCTGATATGGCAGTAAA ..ITIAAIITiTiTTiiTIAITICICIGIAAAIIICiTICICITiTIGITIAICITiTIGITICIGIAICITIAICITICIAITITIA E P A V P A D M A V • 
TTCAAGATCTTTAATGAAAACTTCGAGGAGACTGTCAAGTATCTCACAATATTTTGGAATGCTGTAAACTTAAGG 
TTCAGACCGGTCCAGCATCCGAAAGTAAATATCATAATCACTGGGATCGTCATTGCTAAGAACGAAGCCGCATTT 
CAGCACGTTTATAGAGCTAGGTATAGCAAAAATTCGAAACTAGTGCATACCGGAAGAGTTATAGATAATGGTCGA 
TATTTCTTTGGGACTAATTTTGACCCTTATTACGACAATTATGATGCCAGTTTTACAATGGCAAGTATGGATGAT 
CCAACTGGAAAAGGAGGTGCAACTGTCATTGGCGGGATTTGCTCCTCATCTAACAATATCGCTTATATCAGAGAC 
GTTGGAAGTTATTCGGGAGTAAAGGTTGCTACACACGAATTGGGCCACTTGCTAAATGGCCAACACGATTCAGAT 
ACCACTTGTAGCGAAAAGATAAATGATAATATCTATACAATCATGGCTAAGCAAGGATCAACAAAAGCAAGCAAA 
jTITICIGITITITIGIGITICIAITICIAiiTIGICIAICiTICiTIGIAICICIGICIAITiTiTIGICIAAAIIICITTiiTiTICICIAAAAIIiiiCIAAiiiCIAAiiiGiiTIGICIAIGiiCiiGiiTiiGICCTAAAAGAT L K D 
ACCTATCGAAAGCATTAG 
T Y R K H 
GATTGAAGATCTTCAAAAGAAATGCATAAATTATATAATCACTTGGATGCAGAGAGAGAGAGAGAGAGTAGGAGT 
GAGAGAGAGAGTAGGAGTCRARARARARARAAAAAAAAAAAAAAA 
Figure 5. 
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+75 
25 
+150 
50 
+225 
75 
+300 
100 
+375 
125 
+450 
150 
+525 
175 
+600 
200 
+675 
225 
+750 
250 
+825 
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+900 
300 
+975 
325 
+1050 
350 
+1125 
375 
+1200 
400 
+1275 
425 
+1293 
430 
+1368 
+1413 
Nucleotide sequence and open reading frame amino acid translation of E. pennicornis venom 
gland eDNA library insert 2. An NCBI-BLAST sequence similarity search indicates the protein is 
a reprolysin-like metalloprotease (N. vitripennis) (Accession number XP _001602775). The signal 
peptide is outlined in grey and the catalytic metalloprotease domain is highlighted in red. 
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GCTGTTCAGTTTCGGCATTCCGTGTGAACGCGTCAG - 261 
AGAGTTCAGTCAAGCCATTTTTTATTTTCTACGCAAACGCGCCATCTTGTTCCCCTCGGCAACGGGGCGAGGACA - 225 
CGCGCATTCCTCTTGCTCTCACTAAACTTGGAATTTGAGGATATTCTTTCGAGAATATTCCTATTTTTTTGTGTG - 150 
GAAACTGCATAGAGAGTCGACGAGAGTCGACTATCTATTAACAGTCTTAAGATTGACGACTCAAGGAAAAAAAAC - 75 
ATGAGCTACGGCAGGCCTCCGCCTCGGATCGACGGGATGATATCCCTGAAGGTCGATAATTTGACCTATCGCACG +75 
M S Y G R P P P R I D G M I S L K V D N T Y R T 25 
ACTCCTGAAGATCTCAGGAGAGTTTTCGAACGATGCGGCGAAGTTGGTGATATCTACATACCCAGAGATAGATTT +150 
T P E D L R R V F E R C G E V G D I Y I P R D R F 50 
ACCAGGGAAAGCCGTGGATTCGCTTTCGTCAGATTTTATGACAAGCGTGATGCTGAAGATGCGCTTGATGCTATG +225 
T R E S 75 
GATGGACGTTTGTTAGATGGAAGGGAATTACGTGTGCAGATGGCTCGTTATGGTAGACCAACATCACCTCATCGT +300 
P H R 100 
AGCCGTGGAAGCAGGCGCTACAGAAGTCGCAGCCGAGATCGCCGGCGTCCAAGGACCAGGTCACGTTCACGATCC +375 
S R G S R R Y R S R S R D R R R P R T R S R S R S 125 
CGTTCCCGTAGCCGTGACAGGGACCGCAAGCGTAGTTACAGCCGTAGCCGTTCACGCTCACGTTCCGACAGCAAG +450 
R S R S R D R D R K R S Y S R S R S R S R S D S K 150 
AGTTCTCGTGGAAGATCACGTACTCGCAGCAAATCGACCGAAAGACAAAAGGATGCACGTTCTAAATCAAGGGAC +525 
S S R G R S R T R S K S T E R Q K D A R S K S R D 175 
TGA +528 
175 
AGCTGAAGCCAAATTACAATTCTCGTAAGAGCATTTCGTGCTTGACATAATGGTTTAACAAGAGCCGCCGAGTAT +603 
ACTGGCATGAGTTTCAAAGAAAGGTATTCTATTCGTCCGCATGTCTGTCCAATCTTTTTTTATATTAAAATAGTG +678 
AGTCTTATCAAGCGACTCAAGTACCTCATCCTTGAGCTGAGCTTTCATCAAAATCTTGGGGATCAACATTCGAGT +753 
CCTGTGCAATTATAGTGACCTGGACGTCATGCCTAATTAGGATTTTTCCCTTCACGGAAA +828 
Figure 6. 
Nucleotide sequence and open reading frame amino acid translation of E. pennicornis venom 
gland eDNA library insert 3. An NCBI-BLAST sequence similarity search indicates the protein is 
similar to an RNA splicing factor (A . aegypti) (Accession number ABF18358). The signal peptide 
is highlighted in grey and the RNA binding domain is outlined in red. 
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GATTATAAATACTGTATCGAATCAGTCGACAAACTAGCTAAGAA 
ATGATTGTTCTTCCAGTTTTAGTCTTCTCCCTTTCATTTATTACTTCCTGCAAGGCTCACCCGAAAAGAATACCT 
M I V L P V L V F S L S F I T S C K ~ H P K R I P 
GGAGTGTCCATCGTAGGCGGAGACGACGCTCAATCAGGAACATTTACTTATGCAGTATCCATACAAAAATCCAGT 
G V S I V G G D D A Q S G T F T Y A V S I Q K S S 
GAACACATTTGTGGAGGTGGAATAATTGGTGATTGGTGGATTCTCACGGCAGCTCATTGTTTTATGACTGATGGA 
E H I C G G G I I G D W W I L T A A H C F M T D G 
GGTTCCTTCATACCGATCATGTTATCAGCTGTTATTGGTACTGTAGATATAATCAACCTAGAACCAACTGCAATG 
G S F I P I M L S A V I G T V D I I N L E P T A M 
CGAATTTATATTGAAACGTACTATGTACCCATGGAATTCAGACCTCAAGATCAAAAAGGCAATCAGACACACCGT 
R I Y I E T Y Y V P M E F R P Q D Q K G N Q T H R 
ACCCAAGGAGATATTGCCATCGTTAAACTTCGAGAACCAATAGGACTTGAAACTCAGCCTCATCTGACAGTATTA 
T Q G D I A I V K L R E P I G L E T Q P H L T V L 
CAAATTCCTACAGAGTTGACGGAATTTCCGAGAGACGAAGCCATTATGGTTGGATTTGGATATAATGAAATCAGA 
Q I P T E L T E F P R D E A I M V G F G Y N E I R 
GTTATACTGTATCATAGAACGCAACAATACCAACGAGTAGGTAAATACTACGGTAAATTGCGATATGCGAAAACA 
V I L Y H R T Q Q Y Q R V G K Y Y G K L R Y A K T 
ATCATCATTTCAAGTGGTATATGCCGCCTAGTTAGGAAAAGGATAATTACCGATAATCATATGTGCGCGCGAGTG 
I I I S S G I C R L V R K R I I T D N H M C A R V 
AAACAACGTGTAGAAGGTGTAGCAGAAGGAGTCiiiTiiiGiiiTiiiTiiiTICIGIGiiiTIGIAICIAIGiiiTIGIGiiiTIGIGIAICICiiiTiiiTiiiTIGIGITIAICIGITICIAITIGIGITIAAIIiiT K Q R V E G V A E G V 
GTGGCGATCGCCGTATTAAGTACCTGCCCCATCACTTGTTCAGAAGAGAAAGGAGTCGGAATCTACACAAGGGTG 
AAACCATACGAATCCTTCATCAGAGATGCAATTGCAAATAAGCATCGTCCTGATATGCGTATTGCCACGTGGTAC 
R D A I A N K H R P D M R I A T W Y 
CTTTTCAACCAAGAGTGTCCTGGTTTAGAACCACGTCTCATAGAGAAAGTCTATAATGCAACAAATCATGATGGT 
L F N Q E C P G L E P R L I E K V Y N A T N H D G 
CAAGGTTCATCATCACACGTGGTCGAAAATACGTCGGAAGAGCCGATAGACGATTCGTCAATCGATGATTAG 
Q G S S S H V V E N T S E E P I D D S S I D D 
AGATTCTGTAGTAAATTTTCTAAGCTACTCAATACTATGGTTGATAAAGTTATGAATGTTTTATTTACATTAAAA 
TGATGCGCTGTTGACAAATAAAGATTCGTATCG 
Figure 7. 
Results 
- 44 
+75 
25 
+150 
50 
+225 
75 
+300 
100 
+375 
125 
+450 
150 
+525 
175 
+600 
200 
+675 
225 
+750 
250 
+825 
275 
+900 
300 
+975 
325 
+1047 
348 
+1122 
+1155 
Nucleotide sequence and open reading frame amino acid translation of E. pennicornis venom 
gland eDNA library insert 4. An NCBI-BLAST sequence similarity search indicates the protein is 
a trans-membrane serine protease (G. gallus) (Accession number XP _ 425880). The signal peptide 
is outlined in grey and the serine protease hydrolase signal is highlighted in red. Closer structural 
analysis revealed the protein had no trans-membrane domain. 
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CTTCCATCTGATTTATCGAAAATTGATATGGTAGATATTACTGAAACGAGATTGAAAAATATTCTGCTCGATGAA 
ATATGGAAAAAGGAAGAATCTCATGATCCACAATTTATCAAGAATCTGAAGATAACTTACCGAAACTGCATGGAT 
GAGTCTGGAATTGAAAAAGAAAACGCAAAAACAGCCAGTTCTATATTGACCGAAATTGGTGGTTGGCCATTGTTA 
CAAGGTGATGAATGGGAAGAAGATGACTATGAGTGGACAGAAACCATAAGCAAAATTGGTAAGATTGGACTGAAA 
GCTACGTTTCCATTCGAAATGTTTGTGTATTATGATCCTACAGACTCAAGGAAATATATTCTATCGATCTTTTGT 
GCTAGCCTCTTAATTGATGAATCATTCATATCAAATGAAGAATATATGAAAGCATATGGACTTTACATTACTGAA 
GTGGCTGTTTTACTCGGTGCAGACAGGGACCAAATACAGAAGAAAATTAGTGAACTAGTAGAATTTGAAAAGAAA 
CTCCACAAGGCAAAAACCAAATGGGAGGATAGGGATCTTATATCACTTTCTGAAAATACAGGACCGGTCGAAGAC 
TTGATAAAAAAATATCCGTCAATAGATTGGATAAATATTTTGAAT 
AATTATGATCCCAAATACATGGATGAACTGGGAGAAATCATATCTAGCGCATCG 
AAAAGAGTGCTGGCAAATTTTCAGGTTTGGAACATCCTTGTGACTCTGATAGATTTCATGCCGAAGAAATTTCTA 
L 
GAAGTACAATTGGACTTCGATAACGTCGTCAAAGGAGTGGAATCATTACAAAACAGAAAATTGGCATGTTATGGA 
E V Q L D F D N V V K G V E S L Q N R K L A C Y G 
CAATTGAAAAGTCATATGTTCATAGCCTTGAGTGGTTTGTTTCTAAGAAAATCATTCGATAAACAAGTGAAGATC 
Q L K S H M F I A L S G L F L R K S F D K Q V K I 
AGTGTTACAGAATTGGTAACTGAGCTCAAACAGCAGTTCAAACTTGAATTTGCAAAGACTGATTGGATGGATGAT 
S V T E L V T E L K Q Q F K L E F A K T D W M D D 
GACACTCGCAGAGCAGCGATTGAAAAACTTTATGCTATGAAAACTAATATAGCTTATCCGGAAGAGCTTATGGAT 
D T R R A A I E K L Y A M K T N I A Y P E E L M D 
GACAAAAAAATAGAAGAATATTATGGAGATCTTGTGGTTGAAGAAGGAGATTATCTCAAAGGTTTTATTGATATT 
D K K I E E Y Y G D L V V E E G D Y L K G F I D I 
TGGAAAGTCGAGAGAGATCGTTCTTTAGATATATTGGTTAAACCACTTCAAGAAGTTGATTGGATAAACAGAGCA 
W K V E R D R S L D I L V K P L Q E V D W I N R A 
GGTGTAGCTGAGGTCAGTGCTTACTATTCGCCAGGAAATAATGAGATAAATGTGATAGCAGGGATTTTGCAAGAT 
G V A E V S A Y Y S P G N N E I N V I A G I L Q D 
CCGTTTTTCAATGTCCATCTCCCTAGATATTTGAATTATGCTGGAGTCGGTTACGTTATAGGTCATGAAATGAGT 
P F F N V H L P R Y L N Y A G V G Y V I G H E 111111 
CACGGATTTGATACAACGGGACGGCAACGTGATGAAAGTGGAAATTTTCATAACTGGTGGAATAACAGTACGGAG 
GAAAAATTCAATGAGAGAGCTCAATGTTTCATTGATTCGTACAGTAATTACGAGATTGAACAAGTGAAAATGAAG 
GCTCAGGGCCGAGTATCGATAGGAGAAAATATCGCTGACAGTGGCGGTATAAAAATGGCATACAACGCATACAAA 
CGTTTAATGGAAAATGATCCACGTGAGCCACGCCTACCAGGACTCAAGTATACGCCCGAGCAATTATTCGGGATG 
AACGCGGCCTTTAGCTGGTGCGGTAAATTTAATGACGAATTTCTGAAGAATCAAATTGATACAGACGAACACGGT 
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+75 
25 
+150 
50 
+225 
75 
+300 
100 
+375 
125 
+450 
150 
+525 
175 
+600 
200 
+675 
225 
+750 
250 
+825 
275 
+900 
300 
+975 
325 
+1050 
350 
+1125 
375 
+1200 
400 
+1275 
425 
+1350 
450 
+1425 
475 
+1500 
500 
+1575 
525 
+1650 
550 
+1725 
575 
+1800 
600 
CCTCAGGAAGCTCGGATAAATCTCTCGTTTGCAAATAATGAGGACTTTGCTAAAGACTTCATTTGCCAACCAGGT 
GCAAAAATGAATCCAGAGAAAAAATGCGTTGTGTGGTGA 
GTCACTGTTTTTAACGATGAAGTACAGCTCATTATCCGAAAATTTCGCGGGTCCATAACCAGATTAGTACATGAT 
GCCGAATATTTTTTTTCTAATTTTACGGAATAGGTATTATAATTTTGTAACACACAAATTTTATACATCAAAATA 
CTCCTCTTGTCTCTTCAATAAGGTTCTTAGGTATATGAGATGGTGTCTTTAACTAGCGTAAGGTTAGTGTTAAGG 
TATTTTCTCCCTTTGAGATATGTAACGACTCATGAAAATAAACGGAATATGTTTTGAAATTCCAAAAAAAAAAAA 
AAAAAAAAAA 
Figure 8. 
Results 
+1875 
625 
+1914 
637 
+1989 
+2064 
+2139 
+2214 
+2224 
Nucleotide sequence and open reading frame amino acid translation of E. pennicornis venom 
gland eDNA library insert 5. The obtained sequence sections are outlined in red with the missing 
central section not highlighted. The 5' sequence has a San restriction site coloured in blue. An 
NCBI-BLAST sequence similarity search indicates the protein is a neprilysin-like protein ( V. 
canescens) (Accession number AAL91975). The sequence of the central section was obtained 
after restriction at the San site highlighted in blue. 
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The reprolysin-like metalloprotease gene (Section l.lB and Figure 5) was 
selected for futther investigation through expression of the protein in P. pastoris. 
3.1A. Expression of Reprolysin-like Metalloprotease (Awaiting Publication) 
The E. pemzicornis venom gland contains multiple reprolysin-like 
metalloproteases and at the time of isolation by Dr Daniel Price, two similar coding 
sequences were also co-amplified. The alignment of their amino acid sequences can 
be seen in figure 9. The Rep A and Rep B sequences were most similar with 89% 
sequence identity, while Rep B and Rep C only shared 46% sequence identity. All 
three of the sequences contained the identical active site zinc-binding motif 
HExxHxxxGxHD (Section l.lB). 
Recombinant reprolysin-like metalloprotease (Rep B, Figure 9 and Figure 5) 
was expressed in P. pastoris and purified by Phenyl Sepharose chromatography 
(Figure 10). Three peak fractions of recombinant reprolysin-like metalloprotease 
were incubated at either 4°C or 37°C for several minutes and its gelatinase activity 
was demonstrated. It was observed that the activity band on gelatin gel increased in 
intensity (Figure 11). In a later experiment the gelatinase activity was shown to be 
inhibited by treatment with the divalent cation chelator EDTA (Figure 12). It was 
also observed that a similar sized band to the recombinant protein was present in a 
protein extract taken from the venom sac of female insects, demonstrating that this 
protein is present naturally within the venom gland and appears to be readily 
activated (Figure 12). 
3.1B. Biological Activity of Reprolysin-like Metalloprotease (Awaiting 
Publication) 
Purified recombinant reprolysin-like metalloprotease was injected into fifth 
stadium L. oleracea larvae with water injected as a control. Fifteen percent mottality 
was observed in those fifth stadium insects injected with the recombinant reprolysin-
like metalloprotease and this increased to 35% throughout the ecdysis to sixth 
stadium. Those insects that survived ecdysis to sixth stadium showed a three day pro-
longed weight gain phase compared to the control larvae (Figure 13). 
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Rep A 
RepB 
RepC 
Rep A 
RepB 
RepC 
Rep A 
RepB 
RepC 
Rep A 
RepB 
RepC 
Rep A 
RepB 
RepC 
Rep A 
RepB 
RepC 
Rep A 
RepB 
RepC 
IHCQYSESQESGHNRNAPDKELTTEEFQLIFHQSQTVDIEYDFINITTEMIETERKVSFT 
IHCQYSESQESGHNRNAPDKELTTEEFQLIFHQSQTVDIEYDFINITTEMIETERKVSFT 
... RYSRVAEHIRTRKRPDKELTEEEFKLVFHRSSTEEIDYDFVNLTTEITEIERKVLFT 
IDGKEYHLSLTPAASQSVLPYGTKIKSAIWWTDNDTHIHEEDYSDERWDSRAIYENLEIM 
IDGKEYHLSLTPAASQSVLPYGTKIKSAIWWTDNDTHIHEEDYSDERWDSRAIYENLEIM 
IDDKDYHUKLT.RASSSVIPSGTLIRSAILWTDNQTHFHDEDSTDEHWGSSHIYEDLDKM 
ATILVRTENGTSYYDGVFGEGIAMKVVRSLPGRLMNIYGANYHFVYDSNGSVYDVVLNGQ 
ATILVRTENGTSYYDGVFVK.YSNEGVRSLPGRLMNIYGANYHFVYDSNGSVYDVVLNGQ 
ATFLLRDDDDFTRYDGVFGGGKDMKVVGSLPARLVNIYGANYHFIYYANGSVSDVILNGA 
DEPAVPADMAVNN .. FYPKLLVLVDYSLFK.IFNENfEETVKYLTIFWNAVNLRFRPVQH 
DEPAVPADMASKII.FYSETPCTCRLLIIQDL4MKTSRRLSSISTIFWNAVNLRFRPVQH 
KQVVGSANTQAGL~YPKLLVLVDYTLFK.ILNKSYEETIRYLAIFWNAVDMKFKKFET 
PKVNIIITGIVIAKNEAAFQHVYRARYSKNSKLVHTGRVIDNGRYFFGTNF .. DPYYDNY 
PKVNIIITGIVIAKNEAAFQHVYRARYSKNSKLVHTGRVIDNGRYFFGTNF .. DPYYDNY 
PKINIIITGIIVPKNEGALKHVYDARIKSDMQKVNATKII'fNSEHFFGANFSTESYFDNY 
DASFTMASMDDPTGKGGATVIGGICSSSNNIAYIRDVGSYSGVKVATHELGHLLNGQHDS 
DASFTMASMDDPTGKGGATVIGGICSSSNNIAYIRDVGSYSGVKVATHELGHLLNGQHDS 
DATFTMASLNDLEdQTGLAYIGAIOKNNHNNAYVKDSGVFSGVLAAAHELGHLLASDHDE 
DTTCSEKINDN ... IYTIMAKQGSTKASKFVWSSCTLTAFANFSKTTSAACLKDTYRKHL 
DTTCSEKINDN ... IYTIMAKQGSTKASKFVWSSCTLTAFANFSKTTSAACLKDTYRKQ. 
DVGOPGEINYNTRLTGTIMAEYRNNNVSKFIWS .......................... . 
Figure 9. 
Results 
60 
60 
57 
120 
120 
116 
180 
179 
176 
237 
238 
235 
295 
296 
295 
355 
356 
355 
412 
412 
388 
Amino acid sequence alignment of the three co-amplified reprolysin-like metalloproteases from 
E. pennicornis venom gland . Identical and similar residues are hi ghli gh ted in grey. Rep A and 
Rep B show 89% sequence identity and Rep B and Conl y share 46% sequence identity. 
Figure courtesy of Dr Daniel Price, University of Durham. 
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Results 
(a) Phenyl Sepharose co lumn purifi cation chart for recombinant reprolys in- li ke metalloprotease. 
Binding to the co lumn was carri ed out in 2M sodium chloride. Recombinant repro lysin-like 
metalloprotease was eluted by decreasing the sa lt concentration. The peak occurs in the water 
frac ti ons after the sa lt gradient. (b) 12.5% SDS-PAGE analys is of the peak fractions co llec ted 
from the recombinan t reprolys in-like metalloprotease purifica tion. T he large band is the correct 
size for reprolysin-li ke metalloprotease. 
Fi gure data courtesy o f Dr Daniel Price, Uni versit y of D urham. 
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66 
45 
20.1 
14.2 
Mr; 
kDa 
1 2 3 
Results 
I I 
3 
Inacti ve fo rm 
Acti ve form 
Figure 11. 
Gelat inase activ it y gel of three peak fractions (I ,2 and 3) from the recombinant reprolysin-like 
metallopro tease purification (s hown in F igure 10) incubated at either 4°C or 37°C. The intensity 
o f the active form band increases wi th the hi gher temperature incubat io n. 
F igure courtesy o f Dr Danie l Price, University of Durham. 
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1 mM Z nS0 4 
(P) {E) 
P = Pichia pas/oris expressed 
Repro lys in- like metallo protease 
2 mM EDTA 
(P) 
Figure 12. 
(E) 
E = Eulophus pennicornis 
veno m prote in extract 
Results 
Repro lysin 
Gelatinase ac ti vity ge l o f purifi ed recombinant E. pennicornis repro lys in-li ke metalloprotease (P ) 
and £. pennicornis ve no m gland prote in extract (E) in the presence o f I mM ZnSO~ and 2 mM 
EDT A. The arrow indicates the s ize o f reprol ys in -li ke meta ll o protease. The ge l sho ws reprolys in -
like meta lloprotease is ac ti vely present in the £ . pennicornis veno m gland (E) and the acti vity o f 
both recombinant and veno m g land repro lys in-like meta ll oprotease is inhibited by E DTA. 
The lower band al so shows ge latinase acti vit y but is not a metall oprotease as its acti vity is not 
inhibited by EDTA. Samples containing thi s pro te in were injec ted into fifth stadium L. oleracea 
and no e ffects were o bserved . 
Figure courtesy o f Dr Dani e l Price. Uni vers ity o f Durha m. 
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8 9 10 
' 
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8 9 10 
(a) Survival of fifth stadium L. oleracea larvae injected with purified recombinant E. pennicornis 
reprolysin-like metalloprotease in PBS at the start of the fifth stadium. Control larvae were 
injected with PBS only. (b) Mean weight of surviving L. oleracea larvae in the injection bioassay 
shown in (a). 
The point of ecdysis from fifth to sixth stadium is outlined in black. 
Figure courtesy of Dr Daniel Price, University of Durham. 
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3.2. Reprolysin-like Metalloprotease Fusion Protein Variants 
The initial expression and subsequent injection experiments can·ied out by Dr 
Daniel Price (Section 3. I A and 3.1B) demonstrated that recombinant reprolysin-like 
metalloprotease was active when present in the haemolymph. It was also concluded 
that the reprolysin-like metalloprotease could self activate when there was a small 
amount of active enzyme present, however, the domain structure of this protease 
differs from other reprolysins in that it lacks a C-terminal disintegrin domain but 
instead has an N-terminal domain which could contain a putative binding site and 
other targeting information. 
To investigate if GNA could transport reprolysin-like metalloprotease to the 
haemolymph of L. oleracea larvae when delivered orally and to elucidate the 
reprolysin-like metalloprotease structure-activity relationship, DNA constructs 
encoding fusion protein variations of the original isolated reprolysin-like 
metalloprotease sequence (Figure 1) were designed (Figures 14(b), 15(b) and 16(b)). 
3.2A. Production of Reprolysin 1, Reprolysin? and Reprolysin 3 Expression 
Constructs 
The three devised constructs (designated Rep 1, Rep 2 and Rep3) were 
produced from the original reprolysin-like metalloprotease (Figure I) using PCR 
with specifically designed primers (Table I). Constructs were cloned in E. coli via 
pCR2.1-TOPO and the DNA subsequently transformed into SMD protease deficient 
P. pastoris yeast using the pGAPZaB constitutive vector for expression. DNA 
sequencing was used to confirm maintenance of correct construct integrity and 
positioning at each stage (Figures I4(a), 15(a) and I6(a)). 
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(a) 
CAGTATAGCGAATCGCAGGAATCCGGCCATAACCGGAACGCACCAGATAAAGAATTGACTACAGAAGAGTTCCAA 
TTGATTTTTCATCAATCTCAAACAGTTGATATCGAATACGATTTTATCAATATCACAACCGAGATGATTGAAACA 
GAACGTAAAGTTAGTTTTACAATCGATGGTAAAGAGTACCACTTATCATTGACTCCAGCTGCTTCACAATCAGTG 
TTGCCATATGGTACTAAAATTAAGAGTGCAATTTGGTGGACTGATAATGATACTCATATCCACGAAGAGGACTAT 
AGTGACGAGAGATGGGATAGTAGAGCTATCTATGAAAATTTAGAAATTATGGCAACTATACTGGTCCGTACCGAG 
AATGGTACTTCTTATTATGATGGAGTCTTCGGTGAAGGTATAGCAATGAAGGTTGTGAGATCTCTTCCAGGAAGA 
TTGATGAATATTTACGGAGCAAACTATCACTTTGTTTATGATAGTAATGGCTCCGTGTACGACGTTGTTTTAAAC 
GGACAAGATGAACCAGCTGTTCCTGCTGATATGGCAGTAAATAATTTTTATCCGAAACTCCTTGTACTTGTCGAC IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIILfF~ y p K L L v L v D 
TACTCATTATTCAAGATCTTTAATGAAAACTTCGAGGAGACTGTCAAGTATCTCACAATATTTTGGAATGCTGTA 
S L F K I F N E N F E E T V K Y L T I F W N A V 
AACTTAAGGTTCAGACCGGTCCAGCATCCGAAAGTAAATATCATAATCACTGGGATCGTCATTGCTAAGAACGAA 
N L R F R P V Q H P K V N I I I T G I V I A K N ~ 
GCCGCATTTCAGCACGTTTATAGAGCTAGGTATAGCAAAAATTCGAAACTAGTGCATACCGGAAGAGTTATAGAT 
~ A F Q H V Y R A R Y S K N S K L V H T G R V I D 
AATGGTCGATATTTCTTTGGGACTAATTTTGACCCTTATTACGACAATTATGATGCCAGTTTTACAATGGCAAGT 
N G R Y F F G T N F D P Y Y D N Y D A S F T M A S 
ATGGATGATCCAACTGGAAAAGGAGGTGCAACTGTCATTGGCGGGATTTGCTCCTCATCTAACAATATCGCTTAT 
M D D P T G K G G A T V I G G I C S S S N N I A ~ 
ATCAGAGACGTTGGAAGTTATTCGGGAGTAAAGGTTGCTACACACGAATTGGGCCACTTGCTAAATGGCCAACAC 
I R D V G S Y S G V K V A T H E L G H L L N G Q H 
GATTCAGATACCACTTGTAGCGAAAAGATAAATGATAATATCTATACAATCATGGCTAAGCAAGGATCAACAAAA 
S D T T C S E K I N D N I Y T I M A K Q G S T K 
GCAAGCAAATTCGTTTGGTCATCATGCACTCTGACCGCATTTGCAAACTTTTCCAAAACAACAAGTGCAGCGTGC 
A S K F V W S S C T L T A F A N F S K T T S A A C 
CTAAAAGATACCTATCGAAAGCAGGCGGCCGCCGACAATATTTTGTACTCCGGTGAGACTCTCTCTACAGGGGAA 
K D T Y R K Q A A A 
TTTCTCAACTACGGAAGTTTCGTTTTTATCATGCAAGAGGACTGCAATCTGGTCTTGTACGACGTGGACAAGCCA 
ATCTGGGCAACAAACACAGGTGGTCTCTCCCGTAGCTGCTTCCTCAGCATGCAGACTGATGGGAACCTCGTGGTG 
TACAACCCATCGAACAAACCGATTTGGGCAAGCAACACTGGAGGCCAAAATGGGAATTACGTGTGCATCCTACAG 
AAGGATAGGAATGTTGTGATCTACGGAACTGATCGTTGGGCTACTGGATGA 
- 47 -
Results 
- 267 
- 225 
-150 
- 75 
+75 
25 
+150 
50 
+225 
75 
+300 
100 
+375 
125 
+450 
150 
+525 
175 
+600 
200 
+675 
225 
+750 
250 
+825 
275 
+900 
300 
+975 
325 
+1050 
350 
+1125 
375 
+1200 
400 
+1275 
425 
+1350 
450 
+1425 
475 
+1500 
500 
+1551 
516 
Results 
(b) 
Reprolysin Protease Domain Tag 
62.5kDa 
Figure 14. 
Reprolysin I (Rep 1) - The complete reprolysin-like metalloprotease-GNA fusion protein 
construct (to determine if GNA can transport repro lysin-like metalloprotease to the haemolymph 
of L. o!eracea larvae). (a) Nucleotide and amino acid sequence confirmation. (b) Diagrammatic 
representation of the construct. 
The yeast alpha factor is coloured blue. The reprolysin putative binding and catalytic domains are 
highlighted in red and yellow respectively. GNA is outlined in green. The Tag consists of both 
His- and Myc-tags. 
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(a) 
-267 
-225 
- 150 
- 75 
TTTTATCCGAAACTCCTTGTACTTGTCGACTACTCATTATTCAAGATCTTTAATGAAAACTTCGAGGAGACTGTC +75 
F Y P K L L V L V D Y S L F K I F N E N F E E T V 25 
AAGTATCTCACAATATTTTGGAATGCTGTAAACTTAAGGTTCAGACCGGTCCAGCATCCGAAAGTAAATATCATA +150 
Y L T I F W N A V N L R F R P V Q H P K V N I I 50 
ATCACTGGGATCGTCATTGCTAAGAACGAAGCCGCATTTCAGCACGTTTATAGAGCTAGGTATAGCAAAAATTCG +225 
I T G I V I A K N E A A F Q H V Y R A R Y S K N S 75 
AAACTAGTGCATACCGGAAGAGTTATAGATAATGGTCGATATTTCTTTGGGACTAATTTTGACCCTTATTACGAC +300 
L V H T G R V I D N G R Y F F G T N F D P Y Y D 100 
AATTATGATGCCAGTTTTACAATGGCAAGTATGGATGATCCAACTGGAAAAGGAGGTGCAACTGTCATTGGCGGG +375 
N Y D A S F T M A S M D D P T G K G G A T V I G G 125 
ATTTGCTCCTCATCTAACAATATCGCTTATATCAGAGACGTTGGAAGTTATTCGGGAGTAAAGGTTGCTACACAC +450 
I C S S S N N I A Y I R D V G S Y S G V K V A T 150 
GAATTGGGCCACTTGCTAAATGGCCAACACGATTCAGATACCACTTGTAGCGAAAAGATAAATGATAATATCTAT +525 
E L G H L L N G Q H D S D T T C S E K I N D N I ~ 175 
ACAATCATGGCTAAGCAAGGATCAACAAAAGCAAGCAAATTCGTTTGGTCATCATGCACTCTGACCGCATTTGCA +600 
~ I M A K Q G S T K A S K F V W S S C T L T A F ~ 200 
AACTTTTCCAAAACAACAAGTGCAGCGTGCCTAAAAGATACCTATCGAAAGCAGGCGGCCGCCGACAATATTTTG +675 
N F S K T T S A A C L K D T Y R K Q A A A 225 
TACTCCGGTGAGACTCTCTCTACAGGGGAATTTCTCAACTACGGAAGTTTCGTTTTTATCATGCAAGAGGACTGC +750 
250 
AATCTGGTCTTGTACGACGTGGACAAGCCAATCTGGGCAACAAACACAGGTGGTCTCTCCCGTAGCTGCTTCCTC +825 
275 
AGCATGCAGACTGATGGGAACCTCGTGGTGTACAACCCATCGAACAAACCGATTTGGGCAAGCAACACTGGAGGC +900 
300 
CAAAATGGGAATTACGTGTGCATCCTACAGAAGGATAGGAATGTTGTGATCTACGGAACTGATCGTTGGGCTACT +975 
325 
GGATGA +981 
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(b) 
Reprolysin Protease Domain Tag 
54kDa 
Figure 15. 
Reprolysin 2 (Rep 2) - The protease domain only-GNA fusion protein construct (to evaluate if the 
binding domain is required for function). (a) Nucleotide and amino ac id sequence confmnation. 
(b) Diagrammatic representation of the construct. 
The yeast alpha factor is coloured blue, the reprolysin catalytic domain is highlighted in yellow 
and GNA is outlined in green. The Tag consists of both His- and Myc-tags. 
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(a) 
- 267 
- 225 
- 150 
- 75 
TTTTATCCGAAACTCCTTGTACTTGTCGACTACTCATTATTCAAGATCTTTAATGAAAACTTCGAGGAGACTGTC +75 
F Y P K L L V L V D Y S L F K I F N E N F E E T V 25 
AAGTATCTCACAATATTTTGGAATGCTGTAAACTTAAGGTTCAGACCGGTCCAGCATCCGAAAGTAAATATCATA +150 
Y L T I F W N A V N L R F R P V Q H P K V N I I 50 
ATCACTGGGATCGTCATTGCTAAGAACGAAGCCGCATTTCAGCACGTTTATAGAGCTAGGTATAGCAAAAATTCG +225 
I T G I V I A K N E A A F Q H V Y R A R Y S K N S 75 
AAACTAGTGCATACCGGAAGAGTTATAGATAATGGTCGATATTTCTTTGGGACTAATTTTGACCCTTATTACGAC +300 
K L V H T G R V I D N G R Y F F G T N F D P Y Y D 100 
AATTATGATGCCAGTTTTACAATGGCAAGTATGGATGATCCAACTGGAAAAGGAGGTGCAACTGTCATTGGCGGG +375 
N Y D A S F T M A S M D D P T G K G G A T V I G G 125 
ATTTGCTCCTCATCTAACAATATCGCTTATATCAGAGACGTTGGAAGTTATTCGGGAGTAAAGGTTGCTACACAC +450 
I C S S S N N I A Y I R D V G S Y S G V K V A T H 150 
GAATTGGGCCACTTGCTAAATGGCCAACACGATTCAGATACCACTTGTAGCGAAAAGATAAATGATAATATCTAT +525 
E L G H L L N G Q H D S D T T C S E K I N D N I ~ 175 
ACAATCATGGCTAAGCAAGGATCAACAAAAGCAAGCAAATTCGTTTGGTCATCATGCACTCTGACCGCATTTGCA +600 
I M A K Q G S T K A S K F V W S S C T L T A F A 200 
AACTTTTCCAAAACAACAAGTGCAGCGTGCCTAAAAGATACCTATCGAAAGCAGCTAGAACAAAAACTCATCTCA +675 
F S K T T S A A C L K D T Y R K Q L 225 
GAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA +723 
N S A V D 240 
(b) 
Reprolysin Protease Domain 
41.5kDa 
Figure 16. 
Reprolysin 3 (Rep 3)- The protease domain only construct (to determine if it is still active). (a) 
Nucleotide and amino acid sequence confirmation. (b) Diagrammatic representation of the 
construct. 
The yeast alpha factor is coloured blue. The reprolysin catalytic domain is highlighted in yellow. 
The Myc-tag (M, purple) and His-tag (H, red) are also outlined. 
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3.2B. Expression of Reprolysin-like metalloprotease, Reprolysin 1, Repro lysin 2 
and Reprolysin 3. 
After preparation of the reprolysin-like metalloprotease constructs (Section 
3.2A), small-scale cultures were raised to isolate high level expressing clones. 
Culture supernatant (grown for four days) was analysed by western blot using anti-
GNA antibodies (1 :3000 dilution) for Rep 1 and Rep 2 (Figures 17 and 18). 
Detection of Rep 3 relied on the Myc-tag at the C-te1minal end of the construct 
(Figure 16). Anti-Myc-tag antibodies (1 :5000 dilution) were used, however, the 
Myc-tag is commonly degraded due to its terminal nature. Nilapan1ata lugens 
(brown planthopper) sugar transporter (NLST) (supplied by Dr Daniel Price) was 
used for a Rep 3 positive control as the recombinant protein construct has been 
confirmed to have a Myc-tag attached (Figure 19). Rep 1 and Rep 2 should show 
reactivity at around 62.5kDa and 54kDa respectively. The expected size of Rep 3 is 
41.5kDa. 
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Figure 17. 
Western blot anal ys is o f reprolys in I pGAPZaB small scale cultures probed with anti-GN A 
antibodi es ( 1:3000 dilutio n). A o ne minute exposure is sho wn . Blotted fro m a 15% SDS-PAGE 
ge l o f 20J.LI of culture supernatant. The expected size of Rep 1 is 62.5 kDa. 
The blot shows no di stinct bands o f hi gh expressio n at the correct size. 
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Figure 18. 
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Western blot ana lys is o f repro lysin 2 pGAPZaB small scale cultures pro bed with anti-GN A 
antibodi es ( 1: 3000 dilutio n). A fi ve minute ex posure is shown. Blo tted fro m a 15% SDS-PAGE 
ge l o f 20J.LI o f culture supernatant. The ex pected size o f Rep 2 is 54 kDa. 
The blot shows no di stinct bands o f hi gh express io n at the correct size. 
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gel of 20J.d of cu lture supernatant. The expected size of Rep 3 is 4 l .5kDa . 
T he blot shows no di stinct bands of high expression at the correct size. 
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The presence of reactivity at the correct size in the positive standard lanes 
indicates the blots have worked successfully. However, there was an absence of 
distinct high level expression bands at the predicted sizes in all of the blots (Figures 
17, 18 and 19). The feint band in Rep 1 YPG 4 (Figure 17, highlighted by an anow) 
was a possibility but on scale up, no further reactivity was observed. Yeast 
transformations were repeated numerous times with similar results obtained. An 
experiment was therefore conducted where the original reprolysin-like 
metalloprotease was transformed alongside ASAII as a control (confirmed to 
express) to ensure the yeast transformation was working properly (Figures 20 and 
21). The ASAII result clearly shows there is no problem with the transformation 
procedure, but the original reprolysin-like metalloprotease failed to express. 
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Western blot ana lysis of ASAI I pGAPZaB sma ll scale cu ltures probed with anti-ASA antibodies 
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There were therefore two possible reasons to explain the situation: firstly, the 
yeast was not expressing the reprolysin-like metalloprotease constructs, or secondly, 
the yeast was expressing the recombinant proteins but they were toxic to the yeast. 
Non-expression was a possibility and has been observed previously in different 
fusions with little scope for remediating the situation (John Gatehouse, personal 
communication). However, if the problem was as a result of toxicity of the proteins 
to yeast cells, this could be addressed using inducible expression. 
To this end, the original reprolysin-like metalloprotease and the three 
constructs were re-transformed into P. pastoris using the pPICZaB inducible 
expression vector. Small-scale expression and western blotting similar to that used 
for pGAPZaB was carried out (Figures 22, 23 and 24). The original reprolysin-like 
metalloprotease has a size of 46kDa and the three constructs are the same size as 
previously mentioned for pGAPZaB. Figure 22 shows a band of reactivity the 
correct size for the original reprolysin-Iike metalloprotease in three of the 
precipitated cultures. YPG 2 also shows expression at a low level in neat supernatant. 
This clone was therefore selected for larger scale (lL) shake flask expression. The 
result of which was again no expression (western blot not shown). Figures 23 and 24 
show no distinct bands for the reprolysin-like metalloprotease at the conect sizes, but 
the presence of reactivity of the standard indicates the blots were successful. 
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Western blot analysis of sma ll sca le cultures of the original reprolysin-like metalloprotease in 
pP ICZaB probed with anti-Myc-tag antibodies (I :5000 dilution). A one minute exposure is 
shown. Blotted from a 15% SDS-P AGE ge l of 20J.d of culture supernatant and 20J.tl of l OOJ.t l 
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Western blot ana lysis of reprolysin l and repro lysin 2 pPICZaB small sca le cultures probed with 
anti-GNA antibodies ( I :3000 dilution) . A 20 second exposure is shown. B lotted from a 15% SDS-
PAGE gel of20J.t l o f cu lture supernatant. The expec ted size of Rep I is 62.5kDa and Rep 2 is 
54kDa. 
T he b lot shows no di st inct bands of high expression at the correct size. 
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Western blot analysis of repro lysin 3 pPICZaB small sca le cu ltures probed with anti-Myc-tag 
antibodies (1:5000 dilution) . A 10 minute exposure is shown. Blotted from a 15% SDS-PAGE ge l 
of 20111 of culture supernatant. The expected size of Rep 3 is 41.5kDa. 
The blot shows no distinct bands of hi gh express ion at the correct size. 
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It was thought that the lack of expression upon scale-up of culture size may 
be due to sub-optimal expression conditions (insufficient yeast biomass and growth 
prior to induction). A time dependent experiment was therefore conducted with the 
original reprolysin-like metalloprotease in pPICZaB. Fifty millilitre BMGY cultures 
were grown for one, two or three days and then cells transfened to lOOml BMMY 
media for a further one, two or three days. Yeast growth in BMGY media was 
estimated by absorbance at 600nm. Protein expression in BMMY media was 
monitored by supernatant absorbance at 280nm (Table 5). Samples were also taken 
and analysed by western blot for specific protein expression (Figure 25). Allium 
sativunz agglutinin II was used as a comparison control (Figures 26). There were no 
major differences in protein levels across the cultures, all readings were between 0.5 
and 0.6 (Table 5). To get the better value of 0.6 however, less than three days in 
BMGY is recommended. The highest absorbance value comes from one day in 
BMGY and three days in BMMY. Contrary to this, western blot analysis suggested 
the optimum is three days in BMGY and two days in BMMY (Figure 25). However, 
during the experiment it was observed that those cultures exceeding four days old 
turned lumpy. No exact reason could be found for this phenomenon, however, one 
rationale was that even though using the inducible expression vector, the reprolysin-
like metalloprotease protein was having some negative activity against the yeast. 
This could also explain why large shake flask cultures gave no expression. 
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1 Day 
2 Day 
3 Day 
Results 
BMGY (OD 600) 1 Day BMMY (OD 280) 2 Day BMMY (OD 280) 3 Day BMMY (OD 280) 
2 .375 0 .651 0 .569 0 .653 
2 .434 0 .602 0 .632 0 .573 
2.475 0 .566 0 .537 0 .547 
Table 5. 
Absorbance readings (OD 600 and OD 280) of the original repro lysin-li ke metalloprotease in 
pPlCZaB incubated in BMGY growth and BMMY inducti on media for varying times. 
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Figure 25. 
Western blot analys is o f the original repro lysin-like meta lloprotease in pPI CZaB incubated for 
varying times in BMGY and BMMY media, probed with anti -Myc-tag antibodies (1 :5000 
dilution). A fi ve minute exposure is shown. Blotted fro m a 15% SDS-PAGE gel of 20111 of culture 
supernatant. The expec ted size of the origi nal reprolys in-li ke metalloprotease is 46kDa. 
The blot shows no di sti nct ba nds of high expressio n at the correct size . 
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In this experiment, no band of the coJTect size was present in any of the 
original reprolysin-like metalloprotease pPICZaB cultures as was the case with the 
scale-up expression. The ASAII blot confirms the system is working COJTectly, with a 
band being observed at around 19kDa. The presence of the larger protein band in one 
day BMGY cultures can be attributed to ASAII with the His-tag present. The blot 
also shows that this His-tag is degraded if the cultures are incubated for a second day 
in BMGY media. 
Dr Daniel Price also tried re-transforming P. pastoris with the original 
reprolysin-like metalloprotease in pGAPZaB and pPICZaB with a pGAPZaB vector 
only control to ensure there was no human error involved in the failure of expression. 
It was observed that there was a reduced amount of colonies on the reprolysin-like 
metalloprotease plates, again highlighting that reprolysin-like metalloprotease may 
be having negative impacts on the yeast. 
Reprolysin-like metalloprotease construct experiments were halted due to the 
lack of expression. 
3.3. Avidin as a Fusion Protein Carrier 
Commercial avidin purchased from Sigma was used in L. oleracea larvae 
bioassays (unpublished). After feeding on diet containing 2.5mg of avidin for various 
times, the presence of avidin was shown in the gut contents, bound to the gut 
membrane and in the haemolymph.Work on a garlic lectin:recombinant avidin fusion 
also gave similar results, prompting the investigation into using recombinant avidin 
as a fusion protein carrier. 
3.3A. Expression of Recombinant A vi din 
To assess the suitability of recombinant avidin as a catTier in Fusion Protein 
Technology, it was first expressed using pGAPZaB in X33 wild type P. pastoris by 
bench-top fermentation. The recombinant avidin sequence prepared by Dr Dave 
Bown contained a His-tag (Figure 3), the protein was therefore purified from culture 
supematant by nickel affinity chromatography using a HisTrap nickel column. 
Binding to the column was carried out in 50mM sodium acetate, 0.5M sodium 
chloride pH 4.0. The addition of imidazole (300mM) and a pH increase (pH7.4) was 
used to elute the bound recombinant avidin. The effectiveness of the column and 
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purity of the single elution peak (Figure 27(a)) was confirmed by SDS-PAGE 
(Figure 27(b)). Avidin has a molecular mass of 16kDa. The size difference of the 
band observed with recombinant avidin can be attributed to the presence of the His-
tag and glycosylation by the yeast. A westem blot probed with anti-avidin antibodies 
(1 :5000 dilution) showed reaction against this band confirming it was recombinant 
avidin. Eluted recombinant avidin was diluted one in five, dialysed into purified 
water and freeze-dried. Freeze-dried recombinant avidin was resuspended in purified 
water and quantified against commercial Sigma avidin by SDS-PAGE (Figure 28). 
Yields of 10-80mg/l culture medium were obtained. 
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L = Load 
W =Wash 
E = Elution 
R = Re-equili bration 
Figure 27. 
(a) Nickel column purification chart for 
recombinant av idin. Binding to the column 
was carried out in 50mM sodium acetate, 
0 .5M sodium chloride pH 4.0. T he addition of 
imidazo le (300mM) and a pH increase 
(pH7 .4) was used to e lute the bound 
recombinant av idin. (b) 15% SDS-PAGE 
analysis of frac tions collected fro m the 
recombinant avidin purificat ion. 
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Figure 28. 
15% SDS-PAGE concentration quantification analysis of freeze-dried purified recombinant 
avid in . 100% recombinant avidin concentrat ion was obtained from most fermentation runs . 
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3.3B. Transp011 of Recombinant Avidin 
Commercially available avidin (Sigma) had previously been shown to 
transport to the haemolymph of L. oleracea larvae when delivered orally (Section 
3.3). To verify that this transport property was maintained in the recombinant 
protein, fifth stadium M. brassicae larvae were exposed to artificial diet containing 
either 0.1% [w/w] (1000 ppm) recombinant avidin or Sigma avidin. Equivalent 
amounts of artificial diet were used as a control. After twenty four hours, gut 
contents, gut and haemolymph were extracted and analysed by western blot using 
anti-avidin antibodies (1:5000 dilution) (Figure 29). Positive immunoreactivity of 
bands corresponding to avidin standards indicated that both Sigma avidin and 
recombinant avidin were transported to the haemolymph of M. brassicae larvae in 
similar amounts following feeding. The presence of avidin in the diet and bound to 
gut polypeptides was confirmed by the western blot analysis of gut contents and 
samples of midgut cleared of the contents (Section 2.4C). 
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Western blot analysis of M. brassicae larvae gut contents, gut and haemolymph after 24 hours 
feeding on either control or avidi n (Sigma and recombinant) diet, probed with anti-avidin 
antibodies (1:5000 dilution). A touch exposure is shown. Blotted from a 15 % SDS-PAGE gel. 
The blot shows simi lar amo unts of both Sigma and recombinant avidin present in gut con tents, 
bound to gut polypeptides and in the haemolymph. 
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3.3C. Effects of A vi din upon Injection 
Newly moulted fifth stadium M. brassicae larvae were injected with 50p.,g 
(5p.,l total) of avidin to determine its biological activity, if any, in vivo. Phosphate 
buffered saline was injected as a control. Larvae showed no visual effects and 
development was normal until they successfully pupated, showing that avidin has no 
effect when injected directly into the haemolymph. 
Toxicity of Recombinant Avidin Delivered Orally 
To compare the effects of feeding recombinant avidin against Sigma avidin to 
lepidopteran larvae, 24 hour old M. brassicae larvae were raised on different 
treatments of avidin-containing artificial diet. Concentrations of 0.1% [ w/w] 
(lOOOppm, 5mg avidin in 5g diet), 0.01% [w/w] (lOOppm, 0.5mg) or 0.001% [w/w] 
(lOppm, 0.05mg) recombinant avidin and 0.1% [w/w] (lOOOppm, 5mg) Sigma avidin 
were tested. Twenty larvae were used for each treatment including a 0.1% [w/w] 
casein artificial diet control. Larvae were monitored for insecticidal activity and also 
by weight once large enough (day 9). Results can be seen in figures 30, 31, 32, 33, 
34 and 35. 
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The results demonstrate that both recombinant and Sigma avidin had a 
significant and dose dependent effect on the survival and growth of M. brassicae 
larvae. One hundred percent mortality was observed after 21 days of exposure to 
lOOOppm (5mg) and 100ppm (0.5mg) recombinant avidin and similarly with 
lOOOppm (5mg) of Sigma avidin, in contrast to the casein controls where 90% 
survival was observed. Recombinant avidin included in diet at lOOppm is therefore 
as equally as toxic as 1000ppm. Larvae for these two treatments showed very little 
weight gain (always between 50% and 90% less than the control) and their survival 
also highlights critical points in the insecticidal activity around day 10 and day 16, 
coinciding with ecdysis (Figures 31, 32 and 34). The dose dependency can clearly be 
seen between lOppm and lOOppm recombinant avidin where 90% survival and 100% 
mortality were observed over 21 days respectively. The lethal dose is somewhere 
between lOppm and lOOppm. The toxicity result may, in reality, be slightly quicker 
than the 21 days observed here as it is known that the artificial diet contains biotin. 
Therefore, when diet was replenished a little more biotin would be added, perhaps 
counteracting the effects of the avidin slightly. 
3.3E. Mechanics of Recombinant Avidin Transp011 
For avidin to be a successful carrier of insecticidal proteins, it is imp011ant 
that the protein linkage remains stable and intact until the fusion reaches the 
haemolymph. To assess this suitability, fluorescein-biotin was used to determine 
whether avidin sequestered biotin remained bound during transfer to the 
haemolymph. The fluorescence allowed the biotin component to be traced (excitation 
at 485nm and emission at 538nm). Initially, haemolymph was extracted from sixth 
stadium M. brassicae larvae, pulse centrifuged for 30 seconds and 200J.d run through 
an analytical gel filtration column to obtain a profile and naturally occurring 
fluorescence values for the separation (Figure 37). Four hundred microlitre fractions 
were collected across the separation and their fluorescence measured (Figure 37 
highlighted in red). The highest background fluorescence recorded was 0.10, 
therefore anything above this figure was attributed to a significant compound. A 
1 mg/ml fluorescein-biotin stock was serially diluted and fluorescence measured, 
giving a detectable lower limit of lOng/ml (Figure 36). 
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Fluoroskan Fluorescein-Biotin Calibration 
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Figure 36. 
A graph of Fluoroskan tluorescence values for varying amounts of fluorescein-biotin. A 
tluorescence value between 10 and 50 was acceptable. Reading off the graph gives a fluorescein-
biotin concentration of 0.01 mg (10ng/ml). 
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Figure 37. 
Gel filtration profile forM. brassicae larvae haemolymph (black). Fluorescence readings for the 
collected gel filtration fractions (red). The highest background fluorescence recorded was 0.1 in 
fraction 45. 
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To establish where in the gel filtration profile fluorescence would occur, 
haemolymph was spiked with 2p,g of fluorescein-biotin only (Figure 38) and then 
2p,g of avidin fluorescein-biotin conjugate (Figure 39). Ten sixth stadium M. 
brassicae larvae were then fed two 5p,l droplets containing 25p,g of avidin 
fluorescein-biotin conjugate each (with 0.5% sucrose) and left to feed on diet in the 
dark for one hour. Haemolymph was then extracted and 200p,l separated by gel 
filtration (Figure 40(a)). The fluorescence readings (highlighted in red) show a 
similar distribution to that of haemolymph spiked with avidin fluorescein-biotin 
(Figure 39), indicating that the conjugate remains intact during transport to the 
haemolymph. Western blot analysis also confirmed that the avidin fluorescein-biotin 
conjugate remains intact following uptake into the haemolymph as the presence of 
avidin was identified in those fractions that exhibited high fluorescence (Figure 
40(b)). The blot also shows a little antibody non-specific cross-reactivity in the 
control haemolymph and high levels of other immunoreactivity in the fractions 
possibly due to avidin monomers (minus the His-tag), dimers, trimers and tetramers 
being present (highlighted with arrows on figure 40(b). 
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Figure 38. 
Gel filtration profile forM. brassicae larvae haemolymph spiked with 2~g of fluorescein-biotin 
(black). Fluorescence readings for the collected gel filtration fractions (red). The highest 
fluorescence recorded due to fluorescein-biotin was 17.95 in fraction 49 (highlighted with an 
arrow). 
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Figure 39. 
Gel filtration profile forM. brassicae larvae haemolymph spiked with 2~g of avidin fluorescein-
biotin corBugate (black). Fluorescence readings for the collected gel filtration fractions (red). The 
highest fluorescence recorded due to avidin fluorescein-biotin conjugate was 0.33 in fraction 30 
(highlighted with an arrow). 
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Figure 40. 
(a) Gel filtration profile for haemolymph from 50!lg avidin fluorescein-biotin conjugate droplet 
fed M. brassicae larvae (black). Fluorescence readings for the collected gel filtration fractions 
(red). The highest fluorescence recorded due to avidin fluorescein-biotin conjugate was 0.34 in 
fraction 27 (highlighted with an arrow). (b) Western blot analysis of fractions from the gel 
filtration in (a) probed with anti-avidin antibodies ( 1:5000 dilution) . A touch exposure is shown. 
Blotted from a 15% SDS-P AGE gel. 
The blot shows recombinant avidin (with His-tag) present in fractions 28 and 30 and absent from 
the others. 
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3.3F. Antibody Coupled Avidin 
One potential use for avidin would be as a canier to transfer antibody to the 
haemolymph of insects when delivered orally. To explore this possibility, anti 
diuretic honnone receptor antibody was biotinylated and allowed to bind to avidin in 
excess. Dialysis into PBS was then carried out to remove excess avidin and make it 
suitable for feeding to insects. Ten percent [ w/v] avidin-biotinylated antibody was 
then included in attificial aphid diet and in M. brassicae larvae artificial diet at 
0.0001% [w/w]. Fifty S. ave1we and four M. brassicae larvae were exposed to diet 
for 24 hours and two remaining M. brassicae larvae for 62 hours. Haemolymph was 
then extracted and analysed by western blot probed with secondary antibody (1 :5000 
dilution) (Figures 41 and 42). Preliminary western blot analysis of the sensitivity of 
secondary antibody had determined that the limit of detection of the anti-diuretic 
hormone receptor antibody was lOng. Diuretic hormone receptor antibody only was 
used as a positive control and avidin only was included as a negative control. Figure 
41 shows an absence of any reactivity due to antibody in the haemolymph of S. 
avenae. By contrast, western blot analysis of haemolymph extracted from M. 
brassicae larvae showed the surprising presence of antibody in both avidin-antibody 
and antibody alone fed insects (Figure 42). 
- 78-
66kDa 
45kDa 
36kDa 
29kDa 
24kDa 
20kDa 
14kDa 
r-
(/) 
0 
(/) 
..r: 
0.. 
E 
>.. 
0 
E 
0 
"' :r: 
" D :::-c: 
0 >.. 
c: -g 
:0 :e 
·;;: ;::: 
<t: <t: 
Results 
" 
-e -e ,., 
" ;:; v v v c: c: 
>.. 
-g 
.0 
·e~ 
~ 
+ 
c: 
:0 
·;;: 
<t: 
c: 3 g 3 (/) (/) 
(/) 
>.. >.. 
>.. 
-g -g 
-g 
.0 .0 
.0 ;::: ."' •;::J c: 
c: <t: <t: <t: 00 bD 
bD 5 c: c: 8 0 0 
>¢ 
"' 
Figure 41. 
Western blot analysis of S ave1zae haemolymph after 24 hours feeding on diet containing 10% 
avidin-biotiny lated antibody, probed with secondary ant ibody ( 1:5000 dilutio n). A 10 second 
exposure is shown. Blotted from a 15% SDS-PAGE gel. 
The blot shows the absence of any avid in-biotinylated antibody in the haemolymph. 
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Western blot analysis o f M. brassicae hae mo lymph after 24 and 62 ho urs feeding on di e t 
containing 0.0001 o/" av idin-b iotin ylated antibod y, probed with secondary antibody ( I :5000 
diluti o n) . A one minute ex posure is show n. B lo tted from a 157r SDS-PAGE gel. 
T he blot shows the presence o f av idin-biotinylated antibody in the haemol ymph . It also shows 
antibody alone is transported . 
- 79-
Results 
IgG Transport 
To check if antibody could be transported to the haemolymph un-aided and 
that the sample had not been contaminated in section 3.3F, the experiment was 
repeated with a general rabbit IgG purchased from Sigma. A preliminary western 
blot was catTied out to identify the limit of detection as SOng (Figure 43). Very little 
background reactivity was also observed in M. brassicae larvae haemolymph. 
Immunoglobulin G was included in artificial diet at 200ppm and fed to fifth 
stadium M. brassicae larvae for 20 minutes, four hours and 24 hours. A feeding 
chase was also incorporated to establish what happened to the antibody if it was 
present. For this, larvae were similarly fed IgG diet for 24 hours and then fed normal 
diet for either four hours or 24 hours after. Six larvae were used for each treatment. 
At the time points, haemolymph and guts were extracted and analysed by western 
blot using secondary antibody only (1 :5000 dilution) (Figures 44 and 45). The result 
shows IgG present in the haemolymph up to a certain maximum concentration after 
20 minutes, four hours and 24 hours only and not bound to the gut at any stage. At 24 
hours and after, the IgG is reduced and eventually cleared. 
The IgG uptake experiment was also catTied out in S. avenae to determine if 
antibody was transported to the haemolymph of Hemiptera. Fifty micrograms of IgG 
was included in at1ificial diet and 50 aphids were allowed to feed for 24 hours. 
Haemolymph was extracted and analysed by western blot using secondary antibody 
only (1:5000 dilution) (Figure 46). A similar experiment was canied out at the same 
time using avidin only (Figure 47). The results show that neither IgG nor avidin was 
present in the haemolymph. 
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Figure 44. 
Western bl ot analys is o f M. brassicae gut and haemolymph after vari ous times feeding on diet 
conlaining 200ppm IgG, probed wit h secondary anti body ( I :5000 di lulion). A five second 
exposure is shown. Blotted from a 15% SDS-PAGE gel. 
The blot shows !he presence o f IgG in the haemo lymph o nl y. There appears to be no more IgG 
prese nl in the haemo lymph after the longer feedi ng. 
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Figure 45. 
Western blot analysis o f M. brassicae gut and hae molymph after various times feed ing on di et 
containing 200ppm lgG, probed with secondary ant ibody ( I :5000 dilution). A 30 second exposure 
is shown. Blotted fro m a 15% SDS-PAGE gel. 
T he blot agai n shows the presence of IgG in the haemolymph o nl y. It appears to be utili zed or 
c leared fro m the haemolymph after 24 hours. 
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Figure 46. 
Western blot analysis of S. avenae haemolymph after 24 hours feeding on diet containing 50J.tg of 
IgG, probed wi th secondary an tibody ( l :5000 dilution). A n eigh t minute exposure is shown. 
Blotted from a 15% SDS-PAGE gel. 
The blot shows the absence of any IgG in the haemolymph. 
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Figure 47. 
Western blot analysis of S. al'enae haemolymph after 24 hours feeding on diet containing 50J.tg of 
recombinant av idin . probed with anti -avidin antibodies ( I :5000 dil ution). A 30 second exposure is 
shown. B lotted from n 15 7r SDS-PAGE gel. 
T he blot shows the absence of nny recombinant av idin in the haemolymph. 
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4.0. Dnscussion 
4.1. Eulophus pennicornis Venom 
It is a well known fact that animal and insect venoms are a rich source of 
biologically active proteins and may, potentially be exploited as new insecticides as a 
number of the components have negative effects on the prey I host insect (Moreau 
and Guillot, 2005). In this study of E. pennicomis venom alone, alongside the 
reprolysin-like metalloprotease and juvenile hormone-inducible protein already 
found (awaiting publication), a splicing factor, serine protease and a neprilysin-like 
protein were discovered by NCBI-BLAST sequence similarity searches. A 
speculation can be made regarding their function in venom. Production of necessary 
proteins and development of a host larva would be negatively affected by the 
removal of introns and exons in mRNA with the presence of the splicing factor. The 
serine protease may simply be involved as a digestive enzyme, cleaving peptide 
bonds within a host larva or, perhaps more likely, it may have a function similar to 
that of mammals where it would play a role in inflammation, blood clotting and 
immune system function. Neprilysin is similar to repro lysin (Section 1.1) in that it is 
a zinc-dependent metalloprotease. Its function is to process small secreted peptides 
especially in neural tissue. Its incorrect function has been associated with 
Alzheimer's disease (Wang et al., 2003). Therefore, perhaps in parasitic wasp venom 
the neprilysin-like protein would be involved in affecting neurons with the target 
insect. These speculations would require further investigation however. 
All of the compounds discovered in this venom gland screen have potential 
for use in insect pest control. This work, therefore, substantiates the statement by 
Whetstone and Hammock (2007) that the possibilities for insecticidal compounds 
from natural sources are virtually limitless given a delivery system. 
4.2. Reprolysin-Iike Metalloprotease 
Until recently, the isolated components of parasitic wasp venom were rarely 
studied further. The purification and demonstration of activity by injection of E. 
pennicornis reprolysin-like metalloprotease gave potential for more analysis of 
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function. Using a reprolysin-like metalloprotease in Fusion Protein Technology 
would, perhaps, allow it to be delivered to the. haemolymph of pest insects in an 
active form. This study demonstrated that reprolysin-like metalloprotease proved 
difficult to express. Experiments with ASAII confirmed that experimental procedures 
were working cotTectly, but still only low levels of reprolysin-like metalloprotease 
were obtained using the pPICZaB vector, which was contradictory to initial work 
(Section 3.1A). Another reprolysin-like metalloprotease in parasitic wasp venom has 
been reported previously (Parkinson et al., 2002), with its similarity to a snake 
venom metalloprotease detailed. Snake venoms have been well researched with 
many other metalloproteases and reprolysins being discovered, expressed and 
characterised but no similar observations to the phenomena observed in this study are 
reported. Sequence structural analysis was still carried out on the original isolated 
reprolysin-like metalloprotease (Figure 1, Section 1.1B). Because it has long been 
known that snake venom metalloproteases are activated by a cysteine switch-like 
mechanism (Grams et al., 1993), it was thought that the E. pennicornis reprolysin-
like metalloprotease may act similarly. This mechanism involves the conserved 
cysteine-containing sequence PKMCGVT. Binding of the cysteine thiol motif to the 
zinc at the active site results in the inactivation of the catalytic domain. Proteolytic 
processing then causes a switch in the binding structure and removes the inactivation 
(Grams et al., 1993). However, the conserved sequence, or anything structurally 
similar, is not present in the reprolysin-like metalloprotease, so this method was 
dismissed along with others based on conserved domains. 
In conclusion, considering all of the results, the lack of expression of 
reprolysin-like metalloprotease may be due to the protein being toxic towards the 
yeast. Certain elements of this study, such as the lumpy cultures observed in the 
longer incubations of the time dependent experiment and the greatly reduced number 
of colonies seen upon yeast transformation gives evidence towards this. Without 
expressional studies, activation mechanisms can only be based on the sequence 
presented and structural predictions from protein databases. Finding no conserved 
domains involved in activation perhaps means the reprolysin-like metalloprotease 
repotted upon here may be similar to the TACE (tumour necrosis factor-alpha-
converting enzyme) zymogen investigated by Milia et al. (2006), with its activation 
mechanism dissimilar to many other metalloproteases and still to be defined. 
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4.3. Avidin 
The potential of avidin to act as an insecticide has recently been exploited 
with the production of transgenic rice, com and maize expressing this protein 
(Kramer et al., 2000; Yoza et al., 2005). From previous experiments (Section 3.3), it 
was believed that avidin may be useful as a carrier in Fusion Protein Technology and 
for the attachment of biotinylated proteins antibodies also. The current study shows 
that recombinant avidin expresses well and purifies easily using a nickel column, 
giving a single peak which is almost 100% pure. Recombinant avidin binds to gut 
polypeptides and is transported to the haemolymph in comparable amounts to 
commercially available avidin, as confirmed by the bioassays with M. brassicae 
larvae. Therefore, recombinant avidin has haemolymph translocation ability suitable 
to act as a carrier protein for fused peptides and attached biotinylated proteins. In 
addition, insecticidal activity of recombinant avidin has been demonstrated in M. 
brassicae larvae, another lepidopteran species to add to those tested by Morgan et al. 
(1993) and Markwick et al. (2001). The effective avidin dose attained was lOOppm, 
consistent to that obtained when used in transgenic crops (Kramer et al., 2000; Yoza 
et al., 2005). Similar stunted growth and mortality as described by Miura et al. 
( 1967) were also seen at this concentration. The final three experiments of this study 
gave valuable information regarding the working potential of avidin, with none of 
them being previously documented. Injection of 50~-tg of avidin was non-lethal, a 
finding expected, as any free biotin in the haemolymph would be utilized rapidly by 
cells in enzymatic processes and therefore would be unavailable for avidin 
sequestration. Fluorescence experiments reveal that once biotin is sequestered by 
recombinant avidin, it is transferred to the haemolymph as a conjugate, 
demonstrating the possibility of using recombinant avidin as a catTier protein further. 
Attached peptides should not be cleaved off before they are transfen·ed to the 
haemolymph, allowing recombinant avidin to be used in Fusion Protein Technology. 
Recombinant avidin was unable to transport biotinylated antibody to the 
haemolymph of S. avenae which may be due to there being an insufficient amount of 
haemolymph extracted or the antibody not being present above the lOng detectable 
limit. The most surprising result was that antibody was transpot1ed into the 
haemolymph of M. brassicae larvae without avidin. This suggests that the 
lepidopteran peritrophic membrane and gut epithelium is more permeable than 
- 86-
Discussion 
previously thought, allowing for the uptake of larger proteins such as lgG (155kDa) 
into the circulatory system. The mechanism of how this antibody uptake occurs has 
yet to be elucidated, but experiments with rabbit IgG show that there is no antibody 
binding to the gut. Also, with longer periods of feeding on diet containing lgG, the 
concentration in the haemolymph remains the same but is utilized or cleared after 24 
hours. Perhaps there is a method that lepidopterans use to actively sample their gut 
contents. By transferring a small amount of ingested material to the haemolymph, 
lepodopterans could assess whether useful components were present. If required, 
these could then be completely transported and utilized appropriately, or, less useful 
components could be expelled and excreted. This finding opens up the prospect of 
using lethal antibodies as insecticides. An antibody which is lethal at low 
concentrations could be transferred to the haemolymph in this active sampling, 
where it would have activity before it had the chance to be removed again. There is 
also potential for future similar experiments to be conducted in other insect orders. 
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